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Peter Adam,">"" Matyas Mechler,’ Imre Santa,> and Matyés Koniorczyk*
Vnstitute for Solid State Physics and Optics, Wigner Research Centre for Physics, Hungarian Academy of Sciences,
P.O. Box 49, H-1525 Budapest, Hungary
2Institute of Physics, University of Pécs, Ifjuisdg iitia 6, H-7624 Pécs, Hungary
3SMTA-PTE High-Field Terahertz Research Group, Ifjiisdg iitja 6, H-7624 Pécs, Hungary
*Institute of Mathematics and Informatics, University of Pécs, Ifjiisdg iitja 6, H-7624 Pécs, Hungary
(Received 14 August 2014; published 18 November 2014)

We introduce a theoretical framework which is suitable for the description of all spatial and time-multiplexed
periodic single-photon sources realized or proposed thus far. Our model takes into account all possibly relevant
loss mechanisms. This statistical analysis of the known schemes shows that multiplexing systems can be optimized
in order to produce maximal single-photon probability for various sets of loss parameters by the appropriate
choice of the number of multiplexed units of spatial multiplexers or multiplexed time intervals and the input
mean photon pair number and reveals the physical reasons of the existence of the optimum. We propose a
time-multiplexed scheme to be realized in bulk optics, which, according to the present analysis, would have
promising performance when experimentally realized. It could provide a single-photon probability of 85% with
a choice of experimental parameters which are feasible according to the experiments known from the literature.
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I. INTRODUCTION

As is prevalently known, single-photon sources are of
utmost importance in optical quantum information process-
ing, as well as in quantum optics. While many optical
quantum information-processing schemes—including linear
optical quantum computing [1,2], long-distance quantum
key distribution [3,4] and communication [5,6], quantum
teleportation [7—10], tests of quantum nonlocality [11-15], or
boson sampling processors [16—19]—assume the controlled
availability of single photons, in the latter case it can be
necessary for the creation of certain nonclassical states of
light [20-24]. In the past 15 y extensive experimental efforts
aiming at producing efficient single-photon sources have
been under way. Deterministic sources can be realized using
different kinds of single quantum emitter systems such as
quantum dots [25-27], diamond color centers [28—-32], single
atoms [33,34], ions [35], and molecules [36,37], as well
as ensembles of cold atoms [5,38]. Nevertheless, each of
these methods has certain issues to overcome [39], including
collection efficiency and repetition rates or the complexity of
experimental setups. It seems that in most of the known such
systems, the indistinguishability of the produced photons is
not high enough for the majority of the practical applications.

These problems stimulated the construction of heralded
single-photon sources (HSPSs) based on correlated photon
pair generation in nonlinear optical media including sponta-
neous four-wave mixing (SFWM) in optical fibers and sponta-
neous parametric downconversion (SPDC) in bulk crystals and
waveguides. The latter process has been proven to be the most
flexible and widespread resource for experiments in quan-
tum information processing because highly indistinguishable
single photons in an almost ideal single mode with known
polarization can be generated with SPDC systems [40—45].
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Unfortunately, the probabilistic nature of the pair generation
complicates the creation of a deterministic, that is, either an
on-demand or periodic single-photon source based on this
system. Though the timing can be easily ensured by pulsed
pumping, there remains a finite probability of generating either
more than one or no photon pairs during an expected heralding
event.

In the literature there are two suggested ways for over-
coming this problem and enhancing the single-photon prob-
abilities without increasing the output noise: spatial multi-
plexing [46,47] and time multiplexing [48-51]. In an earlier
version of time multiplexing, the application of a fiber-photon
storage loop or a very-high-finesse photon storage cavity has
been proposed for proper timing [48,49]. In Ref. [50] an
actively time-multiplexed scheme with a multistage delay line
was presented that can be realized on a silicon-on-insulator
photonic integrated circuit. A similar scheme was considered
in Ref. [51]. Recently, a combination of spatial and time
multiplexing has also been proposed [52]. Thus far, only
spatial multiplexing has been demonstrated experimentally
[53-55].

In this paper we provide a detailed statistical description
which is applicable to all known kinds of multiplexed sources,
aiming at the maximization of single-photon probabilities
under realistic experimental conditions, taking into account
the possible loss mechanisms. We analyze these multiplexed
systems for various sets of loss parameters. Moreover, we
propose a bulk time-multiplexed scheme whose performance
can be the best considering state-of-the-art experimental
technology compared to the other known schemes, according
to the analysis.

The paper is organized as follows. In Sec. II we re-
view the known multiplexed periodic single-photon sources.
In Sec. III a bulk time-multiplexed scheme is presented.
Section IV introduces the proposed statistical description
which is applicable to all known kinds of multiplexed sources.
In Sec. V we use the proposed scheme to analyze various kinds
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of multiplexing schemes, namely an ideal multiplexing system,
a spatial multiplexer, a storage-cavity-based multiplexer, and
the proposed bulk time multiplexing scheme. Finally, in
Sec. VI we summarize our results.

II. OVERVIEW OF MULTIPLEXED PERIODIC
SINGLE-PHOTON SOURCES

A SPDC process generates photon pairs probabilistically.
A strong continuous or pulsed laser field, the pump, enters a
crystal with second-order optical nonlinearity. The interaction
with the crystal results in the conversion of some of the
pump photons into simultaneously generated photons of lower
frequency. While the frequencies are determined by the energy
conservation, the wave numbers, and thus the propagation
direction of the generated photons, are determined by the
conservation of momentum, termed as a phase-matching
condition in this context. Altogether there are direction pairs
in which there are photons arriving at random instants, but
completely correlated in time: If there is a photon in one of the
directions (called the signal photon), it is sure that there is a
corresponding one propagating to the idler direction (the idler
photon) at the same time [56,57]. Obviously, spectral filtering
has to be applied to select the highly correlated photon pairs
in different SPDC sources.

After the filtering the probability of generating n signal-
idler pairs within a measurement time interval At can be
described with thermal statistics. For weaker spectral filtering
the statistics approaches the Poissonian limit. Due to this
nature of the SPDC process there is a finite probability of
obtaining either no photons or multiple photon pairs at a
time. As a consequence, detecting an idler photon with a
standard single-photon detector, which does not distinguish
multiphoton events from single-photon events, heralds the
presence of the signal photon or photons, thus yielding a HSPS
far from ideal.

A way of creating a deterministic periodic single-photon
source from this probabilistic one is the spatial multiplexing
of N single SPDC sources, i.e., multiplexed units, pumped by
a pulsed laser, into a single one. In such systems, the input
pump power [ of the whole multiplexed system is chosen high
enough to ensure high probability of obtaining at least one
photon pair, while the pump power I/N of a single SPDC
source is low enough that the probability of generating more
than one pair in a multiplexed unit can be neglected. Obviously,
the period of this multiplexed HSPS is equal to the period of
the pulsed laser.

Time multiplexing is another possible way of addressing
this problem. Time-multiplexing schemes can be divided into
storage-cavity-based and cascade delay-based schemes. The
common feature of these techniques is that in order to achieve
a periodic source of period T},, we choose an observation time
T < T, for which we expect the arrival of at least one signal-
idler pair. We divide this observation time to smaller time
windows of length Ar. If the system is pumped by a pulsed
laser, At will be the pumping period, while for continuous
pumping the detector of the idler photons is active for such
periods. If an idler photon is detected at a given time window,
its signal counterpart is delayed to such an extent that finally
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it leaves at the end of the time 7. Thus, these time windows
are the counterparts of multiplexed units in such schemes.

Let us now consider the operation of spatially multiplexing
schemes in more detail. The key ingredients of the scheme are
the photon routers. These devices are electronically controlled.
They have multiple input ports and a single output. The control
signal determines which single input port is directed to the
output, while the others are closed. Consider now N sources
of photon pairs, preferably pumped by the same strong pulsed
laser. As the probability of the generation of a signal-idler pair
is low, it is likely that only one of the sources will emit a
pair. The detection of the idler can show which of the sources
provided the signal photon. If all the signal modes are fed
into a router, then the router sends the generated photon into
its single output port. Thereby it is certain that we do have
a signal photon, and it will be directed to the output. For the
case when there were multiple signal-idler pairs generated in
the same period, a priority logic should be implemented in
the router control to prefer only one of the signal photons. Of
course, the time required by the operation of the switching
should be compensated with a properly designed delay line in
the signal port. In this way a router can merge multiple SPDC
sources into a single one.

Because we intend to study practical issues of such a scheme
such as loss and efficiency, we have to take into account that the
prevalently available routers have only two input ports. Thus,
a single router is capable of merging two SPDC sources into
a single, more efficient source. This leads us to the cascaded
scheme depicted in Fig. 1, which is implemented in the known
experiments. Here we have pairs of SPDC sources (all pumped
by the same laser) merged at the first level. At the next level the
outputs of the pairs are arranged into pairs, and the detector
signal is also forwarded to control the routers of the next
level. Thus, the pairs of the first level are merged pairwise.
Finally there will be a single output only. Of course, the
already-mentioned priority logics as well as the delays should
be designed appropriately. Using the notation of Fig. 1, such
a system needs N = 2" input photon pairs and, accordingly,
N detectors and N — 1 photon routers. We remark here that
even though these schemes were first demonstrated in bulk
optics, due to the large number of required elements it is likely
that it would be scalable in integrated optical applications
only.

Now let us turn our attention to time-multiplexed schemes.
Figure 2 shows the arrangement for a storage-cavity-based
time-multiplexed scheme. Again, if an idler photon is detected
by the detector D,,, the detector signal triggers a logic which
controls the switches OS; and OS, to direct the heralded
photon to a storage cavity. At the end of the observation time
T the logic controls the second switch, OS,, to release the
photon, thereby ensuring the appropriate release time of the
photon. If the photon was detected in the nth time window of
length At within the period of T = N At, the storage cavity
introduces a delay of length t; = (N — n)At. Were there more
photons generated during the time 7', only the first one is used.
This is the counterpart of the priority logic in this scheme.
In case of continuous pumping the inaccuracy of the time of
the idler detection is At; thus, the jitter of this method is also
At. In case of pulsed pumping the idler detection can be more
accurate.
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FIG. 1. Schematics of a spatially multiplexed periodic single-
photon source. PR; is the jth photon router, the D;’s are detectors,
and i; and s; are the idler and signal arms of the jth SPDC source.
Dashed lines represent electronic control lines.

The third method analyzed in this article is the cascade
delay-based time-multiplexing scheme. This was proposed in
the context of integrated optics [50]. In the present paper,
however, we propose a new version of it, so we discuss its
details in the next section.
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FIG. 2. Schematics of a storage-cavity-based periodic photon
source. SPDC is a spontaneous parametric downconversion source
yielding twin photon pairs; OS; and OS, are optical switches. 7, is
the delay introduced by the cavity if the idler photon was detected in
the nth time window of length Ar within the period of T = N Ar.
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FIG. 3. Periodic photon source. SPDC is a spontaneous para-
metric downconversion source yielding twin photon pairs; D is the
detector unit detecting idler photons and switching OSgy; OSy is an
optical switch with a gate width At that selects the twin signal photon;
C is the controller unit setting the optical switches OS; (i = 1, ...,m)
ensuring proper delay of the twin photon; the delay 7 is needed for
the proper operation of the controller C.

III. A NOVEL BULK TIME-MULTIPLEXED SCHEME

Here we introduce our suggested setup for a time-
multiplexed scheme in bulk optics. The scheme is depicted
in Fig. 3. The idler part of the photon pairs emerging from
the continuous or pulsed SPDC source is detected for a time
interval of length 7. Let the mean number of photon pairs
arriving in a duration 7' be A. Having detected an idler photon
by the detector unit D, its signal pair is directed by the optical
switch OSj to a delay system which introduces such a delay
as if the signal photon were to arrive at time 7. At a time
At after the detection of the idler photon the system shuts;
that is, only the signal photons generated in this time window
may enter the delay system. We assume that 7 = N At, where
N = 2", m being an integer. This is due to the discrete nature
of the multistep delay system assumed to be realized in the
experiment: There are m switchable delay units (branches)
realizing delays of 1A¢,2At,4At, ... ,kAt, where k = N /2.
Hence, if all the m delay units are turned on, the achieved
delay is (N — 1)At. Were the first photon to arrive in the nth
time window, a delay of (N — n)At has to be applied. In the
described delay system it means that we should only apply
those delay units that correspond to the digits 1 in the binary
numerical representation of N — n. In the scheme in Fig. 3
this is achieved by the use of the appropriate optical switches
activated by the control unit. Let the delay required by this
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FIG. 4. Schematic figure of a single delay unit. PC, Pockels cell;
PBS, polarizing beam splitter. An initially vertically polarized photon
arrives at the PC. By changing its polarization, the photon can be
forced to use the delay line.

unit to ensure the appropriate delay configuration be denoted
by 7. We remark that in the case of pulsed pumping source
the pumping period has to be chosen to be equal to At¢. After
the time the signal photon leaves the delay system, the whole
procedure of the detection of time length T is restarted. The
described process results in a photon source of period T),.
The minimum practically achievable period of such a photon
source is

Ty min = max(T + 1 + 14, T + 10), (D

where 7, is the minimal time for the signal photon to pass the
delay system without any activated delay unit, whereas 71y is
the dead time of the detector, the time required by the detector
to register the next detection event. We note that in case of
continuous pumping the resulting jitter of this scheme is also
At.

The switchable delay units may be realized in various
ways. In Fig. 4 we suggest a possible realization of such
a unit using a Pockels cell (PC), a polarizing beam splitter
(PBS), and two prisms, arranged as “periscopes.” Assume the
polarization of the incoming photon to be linear (horizontal or
vertical) and to be known in advance. Depending on whether
the delay unit should be used or not, the PC changes or keeps
the polarization of the photon. The next optical element, the
PBS, causes a S-polarized photon to be reflected at a right
angle, but a P-polarized photon to be transmitted. The delay
is implemented when the photon was S polarized and thus
reflected. In this case it enters the double-periscope system.
The first periscope elevates the reflected photon into a plane
perpendicular to the original propagation direction and makes
it propagate backwards along a direction parallel to the one
incident to the periscope. The second periscope lowers the
photon to the original plane and directs it to the other side of
the PBS. Finally, the PBS makes the photon to return to the
original propagation direction.

As an estimate for the particular parameters of the scheme,
the minimal feasible time window can be considered to be
Atmin = 100 ps. This value is determined by the spatial extent
of the delay unit corresponding to a delay of At and the gate
width of the optical switch OSy. The minimal control time
of the presented multiplexer is around t,;, = 30 ns. Hence,
the currently achievable minimal period of such a source,
assuming, e.g., m = 9 delay units, according to Eq. (1), should
be around T}, min ~ 80 ns. We note that for such a period the
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above-mentioned Aty;, can be an acceptable jitter when one
uses continuous pumping.

As the construction of a HSPS which only emits into a single
spectral mode is not trivial [58,59], using continuous pumping
can be advantageous for getting rid of spatial multimode
effects [60]. As a consequence, the bulk time-multiplexed
scheme presented in this section with a continuously pumped
SPDC unit is a promising candidate for constructing a truly
single-mode periodic single-photon source.

IV. AFRAMEWORK FOR THE STATISTICAL
DESCRIPTION

In this section we present a common theoretical framework
describing all the multiplexed periodic single-photon sources
presented in the previous two sections. The framework is
capable of describing HSPS systems pumped by either pulsed
or continuous sources.

Assume that the nth time window or multiplexed unit (either
of these will be termed as “unit” throughout this section) adds
J signal photons to the multiplexing system with probability
P,fj ) independently of n. (For j = 0 it is the probability of
not a single arriving photon.) The probability of obtaining i
photons altogether in a period of the output signal of any of
the studied multiplexing systems in general reads

N 00 .
Po=(r)" + 2o (20 [ () v - vy |

n=1 j=1
oo N .
j=i n=1

In these expressions, V), is the probability that a signal photon
generated in the nth unit reaches the output; that is, it was not
lost in the multiplexing system. The term (P(?)" describes
the case when there are not any photons detected in either of
the N units. The second term in the formula of P is the joint
probability of detecting an idler photon in the nth unit and all
the j signal photons coming from this unit are lost meanwhile.
Correspondingly, P; is the joint probability of detecting an idler
photon in the nth unit, while there are j signal photons arriving
from this unit into the system, i of them are transmitted, and
Jj — i are lost.

Assuming standard non-photon-number-resolving detec-
tors of efficiency Vp, the probabilities P¥ and PY in (2)
can be obtained as

[e¢]

PO =%" (g) POV — Vp),

k=0

j-1 .
P = PPy ( 7 k) Vol TFA=Vp), (3)
i

k=0

where P,fk)’ is the probability of arriving k photon pairs at
the multiplexing system in a multiplexed unit. In the case of
an SPDC photon source the probabilities P,Sky in the above
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expressions can be described by a Poissonian distribution,

k
P = _()»21'\/) exp (—%) ) “4)

where A is the mean number of photon pairs arriving in a
duration T for a time multiplexing system, while in the case of
spatial multiplexing it is the mean total number of photon pairs
arriving at the input ports of the whole multiplexing system.
The expression of P in Eq. (3) describes the joint probability
of any number k of idler photons arriving at the detector and
none of them being detected. The expression of P describes
the case when j idler photons arrive at the detector and the
detector clicks (caused by any number of them). The detection
results in adding j photons to the multiplexing system. We
note that Eqgs. (2) and (3) are valid for thermal distribution,
too. It is easy to verify that the probabilities in Eq. (3), as well
as the probabilities P; in Eq. (2), sum up to 1, as appropriate.

For a detailed analysis of the described systems and the
calculation of their properties it is necessary to take losses into
account. This we describe by a transmission coefficient in the
theoretical framework applicable for all the studied systems,
albeit its actual form will depend on the particular scheme.

In our proposed time-multiplexed system there are four
kinds of losses which may arise. The signal photon may be
absorbed or scattered on its way through the medium of the
delay system. This we describe by the transmission probability
V; relating to the propagation through the whole medium, that
is, the medium of the longest delay. An additional loss due to
the specific elements of delay units can arise if a delay unit
or branch is either used or not. Let the respective transmission
probabilities be denoted by V, and V,. (. These losses originate
mainly from the reflection and transmission efficiencies of
the PBS of a single delay unit in Fig. 4. Assume that the
first idler photon is detected in the nth time window and the
corresponding signal photon has to be delayed for (N — n)At
and the number of delay branches is m. In this case the total
probability of transmission will read

V= ViV VT, )

where s is the Hamming weight of N — n (the number of ones
in its binary representation). The coefficient V}, is the generic
transmission coefficient independent of the nth time window,
which may be due to, e.g., the loss of the optical switch OSy
controlling the path of the signal photon, etc.

In spatial multiplexing systems optical routers are applied.
In the cascaded system with N = 2" spatial sources, a photon
originating from any of the units passes m routers. Hence, the
transmission coefficient reads

Vo = Vg, (©)

where Vg stands for the transmission coefficient of a single
router. In case of cavity-based multiplexing the transmission
coefficient reads

Vo = VNV, (N

where V, is the transmission coefficient of the storage cavity
in case of a single round trip.
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FIG. 5. The single-photon probability P, plotted against the mean
photon pair number per multiplexed unit A/N for various generic
transmission coefficients V,,, considering N = 256 multiplexed units
for an ideal multiplexer and assuming ideal detectors (Vp = 1).

V. OPTIMAL SINGLE-PHOTON SOURCES

In this section we present our results regarding the opti-
mization of single-photon probability in various experimental
settings obtained by using the statistical model of Sec. IV. First
we study an ideal multiplexer in general. Then we take into
account the specialties of each discussed scheme.

A. Ideal multiplexers

Let us first investigate an idealized case when the loss
in the multiplexing system is independent of the number
of multiplexed units, so it is a constant. In the case of the
arrangements discussed in the previous section it means that
each transmission coefficient is equal to 1, except for the
V), generic transmission coefficient in Egs. (5), (6), and (7).
In Fig. 5 the single-photon probability P; is plotted against
A/N, the mean photon pair number per multiplexed unit,
for N = 256 units and various values of V) as a parameter.
Let us note that the figure would be alike for an arbitrary N
number of units. It appears that for given values of N and V},
the probability P;(A) has a maximum; thus, there exists an
optimal choice )\fg‘) of the mean photon pair number for which
the maximal probability of single photons is obtained. The
physical reason is clear: For low mean photon pair numbers
(A — 0) the probability of obtaining no photons will increase,
while a higher mean photon pair number makes the appearance
of multiple photons in a single time window more likely.

In Fig. 6 we can see the dependence of the optimal choice
Ag];,? /N as a function of the number of multiplexed units
N for various V), generic losses and still for ideal detectors
(Vp = 1), while Fig. 7 shows the dependence of )\E,]gt) (not
divided by N) in the same way. We note that logarithmic scale
for N is used for ensuring comparability with the same plots
of other multiplexing schemes discussed afterwards. The two
figures illustrate the essence of the necessary considerations

for multiplexing: )ngl) increases with the number of units, as in
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FIG. 6. The optimal choice )»i,[];]t)/N of the mean photon pair
number per multiplexed unit as a function of the number of
multiplexed units N on semilogarithmic scale for different generic
transmission coefficients V, for an ideal multiplexer and assuming

ideal detectors (Vp = 1).

this case the probability of obtaining no photon pairs decreases.
Meanwhile, )»ff;’t) /N decreases; hence, there is less chance for
multiple photons at the output.

In Fig. 8 one can see the achievable maximal single-photon

probability P; at the optimal choice )»ffgl) of the mean photon
pair number as a function of the number N of multiplexed
units. The highest P; is achievable with N — oo. For a given
transmission coefficient Vj,, the maximal probability Pj .y is
just equal to V. Let us note that P; gets close to its maximum
already for a relatively small number of units. For V,, = 0.9 and

N = 256, for instance, the maximal probability is P; = 0.8895
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FIG. 7. The optimal choice Aggf of the mean photon pair number
as a function of the number of multiplexed units N on semilogarithmic
scale for different generic transmission coefficients V,, for an ideal

multiplexer and assuming ideal detectors (Vp = 1).
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FIG. 8. The achievable maximal single-photon probability P; at
the optimal choice Aff;’l) of the mean photon pair number as a function
of the number N of multiplexed units on semilogarithmic scale for
different generic transmission coefficients V;, for an ideal multiplexer
and assuming ideal detectors (Vp = 1).

(N)

at the mean photon pair number Ay

to a single unit, Agg[)/N = 0.025.
After discussing the idealized case in general, now let us
discuss the described schemes in the presence of loss, which

makes the behavior dependent on the particular arrangement.

= 6.46, or with respect

B. Spatial multiplexers

Now we analyze spatial multiplexing, losses in the case of
which are described by Eq. (6). In Fig. 9 the single-photon
probability P; is plotted against A/N for N = 8 units and
different values Vy of the transmission coefficient of the

MN

FIG. 9. The single-photon probability P, plotted against the mean
photon pair number per multiplexed unit A/N, for various router
transmission coefficients Vg, considering N = 8 multiplexed units
for a spatial multiplexer and assuming ideal detectors and no generic
losses (Vp =V, = 1).
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FIG. 10. The optimal choice Af)]:t)/N of the mean photon pair
number per multiplexed unit as a function of the number of
multiplexed units N on semilogarithmic scale for different router
transmission coefficients V for a spatial multiplexer, assuming ideal

detectors and no generic losses (Vp =V, = 1).

multiplexing router. Here we assume that there are neither
generic nor detector losses in the system; thatis, Vp = V, = 1.
In fact, a value of Vi = 0.3 is the best feasible value in current
integrated optics, and the theoretical upper bound [53,61]
which may be feasible in any kind of such a system is
Vg = 0.95. Figure 9 shows that the single-photon probability
P, is much more sensitive to the change of the mean photon
pair number than the ideal arrangement discussed in the
previous section. The value Af)g[) /N at which the maximum
of P; is reached grows with the growth of the losses, for
values below 0.6 of the coefficient Vg to a higher and higher
extent. The reason is that the mean photon pair number growth
compensates for the higher losses.

Figure 10 shows the values of )»fjgt) /N corresponding to
the maximal values of P; as a function of the number N of
multiplexed units on a semilogarithmic scale. Note that the
behavior of these functions differs from the ones presented for
an ideal multiplexer in Fig. 6, which is the counterpart of this
figure. With the growth of the number of multiplexed units (or,
otherwise speaking, the growth of the number m = log, N of
cascading router levels), the required optimal mean photon pair
number for a single unit decreases initially, but after a given
number of routers it starts to grow; hence, it has a minimum.
For Vi = 0.95, this minimum is at N™" = 8192, for Vx = 0.9
itisat N™" = 64, for Vg = 0.85, N™" = 16, and for Vg = 0.8
it is at N™" = 8. For a value of Vg = 0.6 there is no such
extremum; the required ,\ffgﬁ /N simply grows with N (or m).
This compensates for the growth of loss as described by Eq. (6).

Figure 11 shows the maximal values of P; as a function
of N. It can be seen that in contrast to the case of the ideal
multiplexer (cf. Fig. 8), this has a maximum at a given number
of multiplexed units. This is the absolute maximum of the
single-photon probability P; max Which can be achieved by
spatial multiplexing with the optimal choice of the mean
photon pair number and the number of multiplexed units (or
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FIG. 11. The achievable maximal single-photon probability P; at
the mean photon pair number ng;) as a function of the number N
of multiplexed units on a semilogarithmic scale for different router
transmission coefficients V for a spatial multiplexer and assuming
ideal detectors and no generic losses (Vp =V, = 1).

router levels) subject to the given losses. The existence of
this maximum is due the fact that the growth of the cascaded
levels significantly increases losses, which deteriorates the
benefit of multiplexing. It appears that if N — oo (m — 00),
for any value of Vi < 1, the single-photon probability P,
tends to exp(—1), which is just the achievable maximum
without multiplexing. For the mean photon pair number per
multiplexed units corresponding to this limit, )L(O[;/l) /N — V"
holds. All these can be easily derived from Eqs. (2) and (6).

In Table I we have listed maximal single-photon probabil-
ities Py max and the required number of router levels m oy =
logy, Nopt and Ay, calculated for different Vz multiplexing
router transmissions and three different values of the detector
loss Vp. The corresponding zero-photon probabilities Py max
are also given. From the table it can be seen that for values
of Vg = 0.3 currently achievable in integrated optics the
best choice is to have two multiplexed units, which, on
the other hand, does not lead to a significant improvement
compared to the value of P; = exp(—1) ~ 0.368 achievable
with a single unit. The best performance achievable with
any spatial multiplexer and ideal detectors is Py max = 0.737,
in which case the theoretical maximum of Vi =0.95 is
assumed, and we need N, = 16 multiplexed systems, thus
mopy = log, Nopr = 4 cascaded levels. The data clearly show
that the negative effect of real detectors can be compensated by
a higher A, even for a detector efficiency as low as Vp = 0.2,
but the achievable single-photon probability is, of course,
lower.

C. Storage-cavity-based multiplexers

Before turning our attention to the bulk time multiplexing
arrangement proposed in the present paper, let us analyze the
storage-cavity-based multiplexing system first. Throughout
this section we assume ideal detectors (Vp = 1) and no
generic losses (V, = 1). In Fig. 12 the dependency of the
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TABLE I. Maximal single-photon probabilities Py max and the required number of router levels mqp = log, Nop and Aqp at which they can
be achieved, calculated for different Vx multiplexing router transmissions and three different values of the detector loss V. The corresponding

zero-photon probabilities Py .« are also given.

Vb=1.0 Vb =0.9 Vp =02
No. VR Mopt )\opt Pl,max PO.mﬂx Mopt )"npl Pl‘max PO,max Mopt }"npl Pl‘max PO,max
1 0.3 1 5.60 0.385 0.397 1 5.63 0.385 0.392 2 43.00 0.369 0.369
2 0.5 1 2.90 0.434 0.364 1 3.03 0.423 0.356 3 59.38 0.371 0.372
3 0.6 1 2.41 0.456 0.331 1 2.52 0.439 0.330 3 30.18 0.379 0.375
4 0.8 2 3.03 0.535 0.312 2 3.19 0.521 0.308 4 20.50 0.422 0.378
5 0.85 2 2.73 0.569 0.264 3 4.20 0.556 0.336 5 25.25 0.449 0.409
6 0.9 3 3.44 0.635 0.255 3 3.63 0.621 0.254 5 16.93 0.515 0.332
7 0.95 4 3.89 0.737 0.185 5 5.04 0.729 0.220 7 21.27 0.648 0.282

single-photon probability P; on A/N is to be seen for various
storage-cavity transmission coefficients V, and N = § time
windows, the latter being the counterpart of the multiplexed
units in the present case. Compared to Fig. 9 displaying
the similar relations in the case of spatial multiplexing, the
similarity of this dependency is apparent. There is, however,
an interesting difference: As the losses increase (V, < 0.8), a
local maximum of P; appears for small A/N. An additional
difference is that for smaller losses (V. > 0.9) the optimal
mean photon pair number per time window corresponding
to the maximal single-photon probability decreases instead
of increasing with increasing loss. This tendency continues
at the mentioned local maxima for bigger losses (that is, for
Ve < 0.9). One can understand this behavior by realizing that
in such systems the decrease of the mean photon pair number
may also yield improvement in the single-photon probability,
as it makes more likely that the photon arrives later, closer to
the end of the observation time 7', and thus it spends less time
in the storage cavity, where it is subjected to loss. This effect
competes with the increase of single-photon probability due to
higher mean photon pair number per time window, resulting
in a local maximum beside the global one for bigger losses.
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FIG. 12. The single-photon probability P; plotted against the
mean photon pair number per time windows A /N for various storage-
cavity transmission coefficients V., considering N = 8 time windows
and assuming ideal detectors and no generic losses (Vp =V, = 1).

Figure 13 shows the dependence of optimal )»ffgt)/N

(corresponding to the maximal values of P;), while Fig. 14
shows that of ,\ffgﬁ on the number of time windows. In this
case N can be any integer (in contrast to the restriction to
powers of two in case of spatial multiplexing); hence, we use
a linear scale instead of a semilogarithmic one, which we use
for all the other studied systems in the respective figures. For
periodically pumped SPDC sources, Xffgt) corresponds to the
mean joint photon pair number of N multiplexed pulses. It
appears that in this system, kg;,’l) first increases, then starts
to decrease with increasing N. The decrease of the cavity
transmission results in a decrease of the values of N for which
)»fgt) grows, while the decrease after the maximum becomes
faster. Hence, the curves for different V. intersect. The reason
is that due to the losses it is beneficial if the photon gets into
the storage cavity as late as possible to spend less time in that
lossy environment. In Fig. 13 we can observe that, similarly to
what we found in the case of the ideal multiplexing system, the
value of )\f,’gt) /N corresponding to the optimum decreases with
the increase of the number of time windows N. The curves
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FIG. 13. The optimal choice AE)IE,/‘) /N of the mean photon pair
number per time window as a function of the number of time windows
N for various storage-cavity transmission coefficients V,, considering
N = 8 time windows and assuming ideal detectors and no generic
losses (Vp =V, = 1).
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FIG. 14. The optimal choice Agﬁﬁ of the mean photon pair number
plotted against the number of time windows N for various storage-
cavity transmission coefficients V., assuming ideal detectors and no
generic losses (Vp =V, = 1).

corresponding to different losses intersect again, as for small
N’s the optimal mean photon pair number of a single time
window compensates for the losses, while for a larger number
of time windows, ,\g’gﬁ /N is lower to decrease the time the
photon spends in the storage cavity.

In Fig. 15 we have plotted the maximal single-photon
probabilities P; as a function of the number of time windows
for different losses. As it can be seen, this function has a
maximum at a given Noy. As losses increase, this optimal
choice of the number of time windows decreases as for a higher
loss it is more likely that the photon is lost in the storage cavity
if it spends more time there, which deteriorates the benefits of
multiplexing. We remark here that the value of V, = 0.97
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FIG. 15. The achievable maximal single-photon probability P; at
mean photon pair number Agy as a function of the number of time
windows N for various storage-cavity transmission coefficients V,,
assuming ideal detectors and no generic losses (Vp = V), = 1).
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is the realistic value corresponding to an implementation
of the control of the photons with PBSs. In this case the
maximal single-photon probability is P; max = 0.706 achieved
at Aope = 3.014 with Ny = 9 time windows.

D. Bulk time multiplexer

In what follows we analyze the bulk time multiplexer
depicted in Fig. 3, proposed by us. We assume the generic
transmission coefficient V;, = 1, and we consider all other
kinds of losses discussed in Sec. IV. In Table II we list all the
particular combinations of transmittivity parameters V., V, o,
and V; we have analyzed, including the best triple available in
state-of-art experiments in line 4.

In Fig. 16 we have plotted the single-photon probability P,
as a function of A/ N for a system of N = 256 time windows,
that is, of m = 8 delay units. For a given N, and given values
of the transmission coefficients, the function has a maximum;
thus, there exists a value )Lffgl) for which the single-photon
probability is maximal. This appears to be the case for any
N. The physics behind it is the same as discussed at the
ideal multiplexers. Note that when we decrease any of the
three parameters V,, V, o, and V,, the achievable single-photon
probability will decrease. We remark that for bigger losses (not
shown) the behavior of the function P;(\/N) will be similar
to what we have seen in Fig. 12 for storage-cavity-based
schemes, but the local maxima will appear only for certain
combinations of the transmission coefficients. In fact, the
decrease of the mean photon pair number per time window
can only compensate for V.

In Fig. 17 we present the optimal choice )»f)g’t) of the
mean photon pair number as a function of the number
of time windows N on semilogarithmic scale for various
loss coefficients presented in Table II. From the curves
corresponding to the parameter sets numbers 1 and 2 and
3, 4, and 5 in Table II, one can conclude that increasing
the losses proportional to the length of the delay branches
(V] < V,) while keeping the coefficients V, and V,.( (arising
from the use or the omission of a delay unit, respectively)
constant causes the optimal mean photon pair number kg]gg
required for the maximal single-photon probability to decrease
with the number of time windows. The explanation is similar
to the reasoning given in the previous section for the other
time-multiplexing scheme: The decreased mean photon pair
number leads to photons generated closer to the end of the
observation time 7, thereby decreasing the necessary delay
time and the probability of losing the photon in the medium
of the delay system. From curves 4, 6, 7, and 8, we can
learn that if V; and V, are fixed (in particular, V; = 0.95,
V.0 = 0.97), then for V, > V, o (that is, if the loss arising
from the use of a delay branch is higher than that of its
avoiding) the optimal mean photon pair number required for
the maximal single-photon probability decreases, while for
V. < V.o it increases with the number of time windows. This
can be expected as the number of activated branches increases
with the increase of A, resulting in smaller losses for V, > V..
On the other hand, in the case of V. <V, the decrease of the
mean photon pair number decreases the number of activated
branches, leading to smaller losses.
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TABLE II. Maximal single-photon probabilities P; max and the mqy = log, Ny, number of delay branches and the A at which they can
be achieved in the bulk time-multiplexed scheme for various loss parameter combinations. We also list the respective zero-photon probabilities
Py, max- The third column serves as the legend for the figures of this section.

Vb =1.0 Vp=0.2
No. Slgn iIl Flgs Vr Vn() Vl mopt )‘-opt P].max PO. max mopt )‘«opt Pl‘ max PO, max
1 | 1 1 1 15 11.09 0.999 1.5 x 1073 15 44.45 0.999 1.4 x 1074
2 . 1 1 0.95 15 6.85 0.956 0.0439 15 33.62 0.955 0.0439
3 * 0.996 0.97 0.99 7 7.00 0.887 0.0903 10 35.24 0.843 0.1341
4 A 0.996 0.97 0.95 7 6.60 0.858 0.1222 10 33.27 0.815 0.1646
5 o 0.996 0.97 0.9 6 5.21 0.822 0.1484 9 26.26 0.781 0.1890
6 v 0.98 0.97 0.95 6 5.19 0.806 0.1662 9 26.50 0.749 0.2240
7 X 0.97 0.97 0.95 5 4.41 0.779 0.1748 8 22.75 0.715 0.2410
8 + 0.96 0.97 0.95 5 4.37 0.755 0.2021 8 22.71 0.684 0.2767

In Fig. 18 we have plotted the maximal single-photon
probability P; as a function of the number of time windows,
for various loss coefficients. It appears that if there are only
propagation losses (V,, = V, o = 1) in the system (curves 1 and
2), the function shows an increasing behavior asymptotically,
while if there are delay unit losses (V;.,V, o < 1), these curves
also have a maximum. Of course, if V, = V, o = 1, there is
no disadvantage whatsoever in increasing the number of delay
units and at the same time the number of time windows, while
accompanying the decrease of the size of the time windows
the multiphoton probability decreases, which is an advantage.
Upon the presence of delay unit losses (V,, V..o < 1), however,
the increase of the number of branches shall increase the
zero-photon probability at the output, which is the competing
disadvantage.

In Table II we have listed the achievable maximal single-
photon probabilities P max along with the required number
of mep delay branches, determined from the maxima of the

A/N

FIG. 16. The single-photon probability P; as a function of A/N
for different combinations of loss parameters, considering a system of
N = 256 time windows, that is, of m = 8 delay units for the proposed
bulk time multiplexer, assuming ideal detectors and no generic losses
(Vp =V, = 1). From top to bottom the curves presented in the figure
correspond to the transmission values indicated in Table II from 1
to 8.

curves of Fig. 18. The corresponding values of Ay are also
listed. We have also calculated how these parameters are
modified if we have real photodetectors, e.g., photomultipliers
in the arrangements with a quantum efficiency of n = 0.2,
corresponding to Vp = 0.2. It appears that the achievable
maximal single-photon probabilities Pj n,x do not decrease
significantly; only the required mean photon pair number and
the number of branches changes in this case. We note that for
the parameter sets Nos. 1 and 2, which, in fact, correspond
to ideal multiplexers considered in Sec. V A, the value of the
number of delay branches i is the maximal one considered
in our calculations. Remember that for such systems the
absolute maximum of the single-photon probability P; is, in
principle, in the infinite limit of the number of time windows N.
Finally, we calculated P; n,x for the best parameters available
in the state-of-art experiment (No. 4 in Table II) and for
an effective detector such as an avalanche diode (Vp = 0.9)
and obtained 85.4% at Aop = 6.92 and mp = 7. This single-
photon probability is the best that seems to be experimentally
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FIG. 17. The optimal choice Af)gl) of the mean photon pair
number as a function of the number of time windows N on
semilogarithmic scale for various loss coefficients for the proposed
bulk time multiplexer, assuming ideal detectors and no generic losses
(Vp =V, = 1). The legend of the symbols is in Table II.
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FIG. 18. The achievable maximal single-photon probability P;
at the optimal choice )»Ef;,/t) of the mean photon pair number as a
function of the number of time windows N on semilogarithmic scale
for various loss coefficients for the proposed bulk time multiplexer,
assuming ideal detectors and no generic losses (Vp = V, = 1). The

legend of the symbols is in Table II.

realizable nowadays in the analyzed multiplexed periodic
single-photon sources.

VI. CONCLUSIONS

We gave an overview of the multiplexed periodic single-
photon sources studied in the literature. We have suggested
a time-multiplexed scheme in bulk optics. Thus far, only
spatial multiplexing has been demonstrated experimentally;
however, as these schemes require a relatively large number

PHYSICAL REVIEW A 90, 053834 (2014)

of components, their scalable realization is more feasible in
integrated optics. If done so, a variety of problems arise, those
related to coupling the input and output fields to the systems,
for instance, which are not present in the case of bulk optics.
All the elements of our proposal for time multiplexing in bulk
optics are available in current experiments.

We have introduced a theoretical framework for the statisti-
cal description of all the studied schemes, including the spatial
and time-multiplexing ones. We have taken into account all the
losses which may arise in the schemes. The application of this
analysis shows that multiplexing systems can be optimized
in order to produce maximal single-photon probability for
various sets of loss parameters by the appropriate choice of
the number of multiplexed units of spatial multiplexers or
multiplexed time intervals and the input mean photon pair
number and reveals the physical reasons of the existence of the
optimum. We have performed this optimization for the studied
schemes. This may be of use for the optimal design of a spatial
or time multiplexer of this kind. The analysis shows that a
promising single-photon probability of 85% is feasible with
the time-multiplexed scheme in bulk optics we have proposed.

The presented study can serve as a good basis for a design
and realization of an SPDC-based periodic single-photon
source, which would be a necessary device for performing
many optical quantum information-processing tasks as well as
fundamental quantum optical experiments.

Note added in proof. Recently, we became aware of arelated
e-print [62]. In this work the effect of loss is analyzed for
three specific spatial multiplexing schemes using a slightly
simplified mathematical framework.

ACKNOWLEDGMENTS

We are grateful for the support of the Hungarian Scientific
Research Fund (OTKA) (Contract No. K83858).

[1] E. Knill, R. Laflamme, and G. J. Milburn, Nature (London) 409,
46 (2001).

[2] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling,
and G. J. Milburn, Rev. Mod. Phys. 79, 135 (2007).

[3] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Rev. Mod.
Phys. 74, 145 (2002).

[4] V. Scarani, H. Bechmann-Pasquinucci, N. J. Cerf, M. Dusek,
N. Liitkenhaus, and M. Peev, Rev. Mod. Phys. 81, 1301
(2009).

[5] L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Nature
(London) 414, 413 (2001).

[6] N. Sangouard, C. Simon, H. de Riedmatten, and N. Gisin, Rev.
Mod. Phys. 83, 33 (2011).

[7] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and
W. K. Wootters, Phys. Rev. Lett. 70, 1895 (1993).

[8] D. Bouwmeester, J.-W. Pan, K. Mattle, M. Eibl, H. Weinfurter,
and A. Zeilinger, Nature (London) 390, 575 (1997).

[9] E. Lombardi, E. Sciarrino, S. Popescu, and F. De Martini, Phys.
Rev. Lett. 88, 070402 (2002).

[10] Y.-A. Chen, S. Chen, Z.-S. Yuan, B. Zhao, C.-S. Chuu,
J. Schmiedmayer, and J.-W. Pan, Nat. Phys. 4, 103 (2008).

[11] A. Aspect, P. Grangier, and G. Roger, Phys. Rev. Lett. 47, 460
(1981).

[12] M. Genovese, Phys. Rep. 413, 319 (2005).

[13] Z. Merali, Science 331, 1380 (2011).

[14] M. Koniorczyk, L. Szabd, and P. Adam, Phys. Rev. A 84, 044102
(2011).

[15] P. Adam, L. Szabd, M. Mechler, and M. Koniorczyk, Phys. Scr.
T147, 014001 (2012).

[16] J. B. Spring, B. J. Metcalf, P. C. Humphreys, W. S. Kolthammer,
X.-M. Jin, M. Barbieri, A. Datta, N. Thomas-Peter, N. K.
Langford, D. Kundys, J. C. Gates, B. J. Smith, P. G. R. Smith,
and I. A. Walmsley, Science 339, 798 (2013).

[17] M. A. Broome, A. Fedrizzi, S. Rahimi-Keshari, J. Dove, S.
Aaronson, T. C. Ralph, and A. G. White, Science 339, 794
(2013).

[18] M. Tillmann, B. Dakic, R. Heilmann, S. Nolte, A. Szameit, and
P. Walther, Nat. Photonics 7, 540 (2013).

[19] A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F. Galvao, N.
Spagnolo, C. Vitelli, E. Maiorino, P. Mataloni, and F. Sciarrino,
Nat. Photonics 7, 545 (2013).

[20] C. C. Gerry, Phys. Rev. A 59, 4095 (1999).

053834-11


http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1038/35051009
http://dx.doi.org/10.1103/RevModPhys.79.135
http://dx.doi.org/10.1103/RevModPhys.79.135
http://dx.doi.org/10.1103/RevModPhys.79.135
http://dx.doi.org/10.1103/RevModPhys.79.135
http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/RevModPhys.81.1301
http://dx.doi.org/10.1103/RevModPhys.81.1301
http://dx.doi.org/10.1103/RevModPhys.81.1301
http://dx.doi.org/10.1103/RevModPhys.81.1301
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1103/RevModPhys.83.33
http://dx.doi.org/10.1103/RevModPhys.83.33
http://dx.doi.org/10.1103/RevModPhys.83.33
http://dx.doi.org/10.1103/RevModPhys.83.33
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1038/37539
http://dx.doi.org/10.1038/37539
http://dx.doi.org/10.1038/37539
http://dx.doi.org/10.1038/37539
http://dx.doi.org/10.1103/PhysRevLett.88.070402
http://dx.doi.org/10.1103/PhysRevLett.88.070402
http://dx.doi.org/10.1103/PhysRevLett.88.070402
http://dx.doi.org/10.1103/PhysRevLett.88.070402
http://dx.doi.org/10.1038/nphys832
http://dx.doi.org/10.1038/nphys832
http://dx.doi.org/10.1038/nphys832
http://dx.doi.org/10.1038/nphys832
http://dx.doi.org/10.1103/PhysRevLett.47.460
http://dx.doi.org/10.1103/PhysRevLett.47.460
http://dx.doi.org/10.1103/PhysRevLett.47.460
http://dx.doi.org/10.1103/PhysRevLett.47.460
http://dx.doi.org/10.1016/j.physrep.2005.03.003
http://dx.doi.org/10.1016/j.physrep.2005.03.003
http://dx.doi.org/10.1016/j.physrep.2005.03.003
http://dx.doi.org/10.1016/j.physrep.2005.03.003
http://dx.doi.org/10.1126/science.331.6023.1380
http://dx.doi.org/10.1126/science.331.6023.1380
http://dx.doi.org/10.1126/science.331.6023.1380
http://dx.doi.org/10.1126/science.331.6023.1380
http://dx.doi.org/10.1103/PhysRevA.84.044102
http://dx.doi.org/10.1103/PhysRevA.84.044102
http://dx.doi.org/10.1103/PhysRevA.84.044102
http://dx.doi.org/10.1103/PhysRevA.84.044102
http://dx.doi.org/10.1088/0031-8949/2012/T147/014001
http://dx.doi.org/10.1088/0031-8949/2012/T147/014001
http://dx.doi.org/10.1088/0031-8949/2012/T147/014001
http://dx.doi.org/10.1088/0031-8949/2012/T147/014001
http://dx.doi.org/10.1126/science.1231692
http://dx.doi.org/10.1126/science.1231692
http://dx.doi.org/10.1126/science.1231692
http://dx.doi.org/10.1126/science.1231692
http://dx.doi.org/10.1126/science.1231440
http://dx.doi.org/10.1126/science.1231440
http://dx.doi.org/10.1126/science.1231440
http://dx.doi.org/10.1126/science.1231440
http://dx.doi.org/10.1038/nphoton.2013.102
http://dx.doi.org/10.1038/nphoton.2013.102
http://dx.doi.org/10.1038/nphoton.2013.102
http://dx.doi.org/10.1038/nphoton.2013.102
http://dx.doi.org/10.1038/nphoton.2013.112
http://dx.doi.org/10.1038/nphoton.2013.112
http://dx.doi.org/10.1038/nphoton.2013.112
http://dx.doi.org/10.1038/nphoton.2013.112
http://dx.doi.org/10.1103/PhysRevA.59.4095
http://dx.doi.org/10.1103/PhysRevA.59.4095
http://dx.doi.org/10.1103/PhysRevA.59.4095
http://dx.doi.org/10.1103/PhysRevA.59.4095

ADAM, MECHLER, SANTA, AND KONIORCZYK

[21] A. P. Lund, H. Jeong, T. C. Ralph, and M. S. Kim, Phys. Rev. A
70, 020101 (2004).

[22] B. He, M. Nadeem, and J. A. Bergou, Phys. Rev. A 79, 035802
(2009).

[23] P. Adam, T. Kiss, Z. Dardzs, and I. Jex, Phys. Scr. T140, 014011
(2010).

[24] C.-W. Lee, J. Lee, H. Nha, and H. Jeong, Phys. Rev. A 85,
063815 (2012).

[25] C. Santori, D. Fattal, J. Vuckovic, G. S. Solomon, and
Y. Yamamoto, Nature (London) 419, 594 (2002).

[26] S. Strauf, N. G. Stoltz, M. T. Rakher, L. A. Coldren, P. M.
Petroff, and D. Bouwmeester, Nat. Photonics 1, 704 (2007).

[27] S. V. Polyakov, A. Muller, E. B. Flagg, A. Ling, N. Borjemscaia,
E. Van Keuren, A. Migdall, and G. S. Solomon, Phys. Rev. Lett.
107, 157402 (2011).

[28] A. Beveratos, R. Brouri, T. Gacoin, A. Villing, J.-P. Poizat, and
P. Grangier, Phys. Rev. Lett. 89, 187901 (2002).

[29] T. Gaebel, 1. Popa, A. Gruber, M. Domhan, F. Jelezko, and
J. Wrachtrup, New J. Phys. 6, 98 (2004).

[30] E. Wu,J.R.Rabeau, G. Roger, F. Treussart, H. Zeng, P. Grangier,
S. Prawer, and J.-F. Roch, New J. Phys. 9, 434 (2007).

[31] K. Beha et al., Beilstein J. Nanotechnol. 3, 895 (2012).

[32] D. G. Monticone, P. Traina, E. Moreva, J. Forneris, P. Olivero,
I. P. Degiovanni, F. Taccetti, L. Giuntini, G. Brida, G. Amato,
and M. Genovese, New J. Phys. 16, 053005 (2014).

[33] J. McKeever, A. Boca, A. D. Boozer, R. Miller, J. R. Buck,
A. Kuzmich, and H. J. Kimble, Science 303, 1992 (2004).

[34] M. Hijlkema, B. Weber, H. P. Specht, S. C. Webster, A. Kuhn,
and G. Rempe, Nat. Phys. 3, 253 (2007).

[35] M. Keller, B. Lange, K. Hayasaka, W. Lange, and H. Walther,
Nature (London) 431, 1075 (2004).

[36] B.Lounis and W. E. Moerner, Nature (London) 407, 491 (2000).

[37] R. Lettow, Y. L. A. Rezus, A. Renn, G. Zumofen, E. Ikonen,
S. Gotzinger, and V. Sandoghdar, Phys. Rev. Lett. 104, 123605
(2010).

[38] C. W. Chou, S. V. Polyakov, A. Kuzmich, and H. J. Kimble,
Phys. Rev. Lett. 92, 213601 (2004).

[39] M. D. Eisaman, J. Fan, A. Migdall, and S. V. Polyakov, Rev.
Sci. Instrum. 82, 071101 (2011).

[40] T. Pittman, B. Jacobs, and J. Franson, Opt. Commun. 246, 545
(2005).

[41] G. Brida, I. P. Degiovanni, M. Genovese, A. Migdall, F.
Piacentini, S. V. Polyakov, and I. R. Berchera, Opt. Express
19, 1484 (2011).

PHYSICAL REVIEW A 90, 053834 (2014)

[42] M. A. Broome, M. P. Almeida, A. Fedrizzi, and A. G. White,
Opt. Express 19, 22698 (2011).

[43] M. Fortsch, J. U. First, C. Wittmann, D. Strekalov, A. Aiello,
M. V. Chekhova, C. Silberhorn, G. Leuchs, and C. Marquardt,
Nat. Commun. 4, 1818 (2013).

[44] C. 1. Osorio, N. Sangouard, and R. T. Thew, J. Phys. B 46,
055501 (2013).

[45] S. Ramelow, A. Mech, M. Giustina, S. Groblacher, W.
Wieczorek, J. Beyer, A. Lita, B. Calkins, T. Gerrits, S. W. Nam,
A. Zeilinger, and R. Ursin, Opt. Express 21, 6707 (2013).

[46] A.L.Migdall, D. Branning, and S. Castelletto, Phys. Rev. A 66,
053805 (2002).

[47] J. H. Shapiro and F. N. Wong, Opt. Lett. 32, 2698 (2007).

[48] T. B. Pittman, B. C. Jacobs, and J. D. Franson, Phys. Rev. A 66,
042303 (2002).

[49] E. Jeffrey, N. A. Peters, and P. G. Kwiat, New J. Phys. 6, 100
(2004).

[50] J. Mower and D. Englund, Phys. Rev. A 84, 052326 (2011).

[51] C. T. Schmiegelow and M. A. Larotonda, Appl. Phys. B 116,
447 (2014).

[52] B. L. Glebov, J. Fan, and A. Migdall, Appl. Phys. Lett. 103,
031115 (2013).

[53] X.-s. Ma, S. Zotter, J. Kofler, T. Jennewein, and A. Zeilinger,
Phys. Rev. A 83, 043814 (2011).

[54] M. Collins, C. Xiong, I. Rey, T. Vo, J. He, S. Shahnia, C.
Reardon, T. Krauss, M. Steel, A. Clark, and B. Eggleton, Nat.
Commun. 4, 2582 (2013).

[55] T. Meany, L. A. Ngah, M. J. Collins, A. S. Clark, R. J. Williams,
B. J. Eggleton, M. J. Steel, M. J. Withford, O. Alibart, and
S. Tanzilli, Laser Photon. Rev. 8, L42 (2014).

[56] C. K. Hong and L. Mandel, Phys. Rev. Lett. 56, 58 (1986).

[57] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett. 59, 2044
(1987).

[58] P. J. Mosley, J. S. Lundeen, B. J. Smith, P. Wasylczyk, A. B.
U’Ren, C. Silberhorn, and I. A. Walmsley, Phys. Rev. Lett. 100,
133601 (2008).

[59] A. Eckstein, A. Christ, P. J. Mosley, and C. Silberhorn, Phys.
Rev. Lett. 106, 013603 (2011).

[60] A. Christ and C. Silberhorn, Phys. Rev. A 85, 023829
(2012).

[61] D. Ljunggren and M. Tengner, Phys. Rev. A 72, 062301
(2005).

[62] D.Bonneau, G.J. Mendoza, J. L. O’Brien, and M. G. Thompson,
arXiv:1409.5341.

053834-12


http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1103/PhysRevA.70.020101
http://dx.doi.org/10.1103/PhysRevA.79.035802
http://dx.doi.org/10.1103/PhysRevA.79.035802
http://dx.doi.org/10.1103/PhysRevA.79.035802
http://dx.doi.org/10.1103/PhysRevA.79.035802
http://dx.doi.org/10.1088/0031-8949/2010/T140/014011
http://dx.doi.org/10.1088/0031-8949/2010/T140/014011
http://dx.doi.org/10.1088/0031-8949/2010/T140/014011
http://dx.doi.org/10.1088/0031-8949/2010/T140/014011
http://dx.doi.org/10.1103/PhysRevA.85.063815
http://dx.doi.org/10.1103/PhysRevA.85.063815
http://dx.doi.org/10.1103/PhysRevA.85.063815
http://dx.doi.org/10.1103/PhysRevA.85.063815
http://dx.doi.org/10.1038/nature01086
http://dx.doi.org/10.1038/nature01086
http://dx.doi.org/10.1038/nature01086
http://dx.doi.org/10.1038/nature01086
http://dx.doi.org/10.1038/nphoton.2007.227
http://dx.doi.org/10.1038/nphoton.2007.227
http://dx.doi.org/10.1038/nphoton.2007.227
http://dx.doi.org/10.1038/nphoton.2007.227
http://dx.doi.org/10.1103/PhysRevLett.107.157402
http://dx.doi.org/10.1103/PhysRevLett.107.157402
http://dx.doi.org/10.1103/PhysRevLett.107.157402
http://dx.doi.org/10.1103/PhysRevLett.107.157402
http://dx.doi.org/10.1103/PhysRevLett.89.187901
http://dx.doi.org/10.1103/PhysRevLett.89.187901
http://dx.doi.org/10.1103/PhysRevLett.89.187901
http://dx.doi.org/10.1103/PhysRevLett.89.187901
http://dx.doi.org/10.1088/1367-2630/6/1/098
http://dx.doi.org/10.1088/1367-2630/6/1/098
http://dx.doi.org/10.1088/1367-2630/6/1/098
http://dx.doi.org/10.1088/1367-2630/6/1/098
http://dx.doi.org/10.1088/1367-2630/9/12/434
http://dx.doi.org/10.1088/1367-2630/9/12/434
http://dx.doi.org/10.1088/1367-2630/9/12/434
http://dx.doi.org/10.1088/1367-2630/9/12/434
http://dx.doi.org/10.3762/bjnano.3.100
http://dx.doi.org/10.3762/bjnano.3.100
http://dx.doi.org/10.3762/bjnano.3.100
http://dx.doi.org/10.3762/bjnano.3.100
http://dx.doi.org/10.1088/1367-2630/16/5/053005
http://dx.doi.org/10.1088/1367-2630/16/5/053005
http://dx.doi.org/10.1088/1367-2630/16/5/053005
http://dx.doi.org/10.1088/1367-2630/16/5/053005
http://dx.doi.org/10.1126/science.1095232
http://dx.doi.org/10.1126/science.1095232
http://dx.doi.org/10.1126/science.1095232
http://dx.doi.org/10.1126/science.1095232
http://dx.doi.org/10.1038/nphys569
http://dx.doi.org/10.1038/nphys569
http://dx.doi.org/10.1038/nphys569
http://dx.doi.org/10.1038/nphys569
http://dx.doi.org/10.1038/nature02961
http://dx.doi.org/10.1038/nature02961
http://dx.doi.org/10.1038/nature02961
http://dx.doi.org/10.1038/nature02961
http://dx.doi.org/10.1038/35035032
http://dx.doi.org/10.1038/35035032
http://dx.doi.org/10.1038/35035032
http://dx.doi.org/10.1038/35035032
http://dx.doi.org/10.1103/PhysRevLett.104.123605
http://dx.doi.org/10.1103/PhysRevLett.104.123605
http://dx.doi.org/10.1103/PhysRevLett.104.123605
http://dx.doi.org/10.1103/PhysRevLett.104.123605
http://dx.doi.org/10.1103/PhysRevLett.92.213601
http://dx.doi.org/10.1103/PhysRevLett.92.213601
http://dx.doi.org/10.1103/PhysRevLett.92.213601
http://dx.doi.org/10.1103/PhysRevLett.92.213601
http://dx.doi.org/10.1063/1.3610677
http://dx.doi.org/10.1063/1.3610677
http://dx.doi.org/10.1063/1.3610677
http://dx.doi.org/10.1016/j.optcom.2004.11.027
http://dx.doi.org/10.1016/j.optcom.2004.11.027
http://dx.doi.org/10.1016/j.optcom.2004.11.027
http://dx.doi.org/10.1016/j.optcom.2004.11.027
http://dx.doi.org/10.1364/OE.19.001484
http://dx.doi.org/10.1364/OE.19.001484
http://dx.doi.org/10.1364/OE.19.001484
http://dx.doi.org/10.1364/OE.19.001484
http://dx.doi.org/10.1364/OE.19.022698
http://dx.doi.org/10.1364/OE.19.022698
http://dx.doi.org/10.1364/OE.19.022698
http://dx.doi.org/10.1364/OE.19.022698
http://dx.doi.org/10.1038/ncomms2838
http://dx.doi.org/10.1038/ncomms2838
http://dx.doi.org/10.1038/ncomms2838
http://dx.doi.org/10.1038/ncomms2838
http://dx.doi.org/10.1088/0953-4075/46/5/055501
http://dx.doi.org/10.1088/0953-4075/46/5/055501
http://dx.doi.org/10.1088/0953-4075/46/5/055501
http://dx.doi.org/10.1088/0953-4075/46/5/055501
http://dx.doi.org/10.1364/OE.21.006707
http://dx.doi.org/10.1364/OE.21.006707
http://dx.doi.org/10.1364/OE.21.006707
http://dx.doi.org/10.1364/OE.21.006707
http://dx.doi.org/10.1103/PhysRevA.66.053805
http://dx.doi.org/10.1103/PhysRevA.66.053805
http://dx.doi.org/10.1103/PhysRevA.66.053805
http://dx.doi.org/10.1103/PhysRevA.66.053805
http://dx.doi.org/10.1364/OL.32.002698
http://dx.doi.org/10.1364/OL.32.002698
http://dx.doi.org/10.1364/OL.32.002698
http://dx.doi.org/10.1364/OL.32.002698
http://dx.doi.org/10.1103/PhysRevA.66.042303
http://dx.doi.org/10.1103/PhysRevA.66.042303
http://dx.doi.org/10.1103/PhysRevA.66.042303
http://dx.doi.org/10.1103/PhysRevA.66.042303
http://dx.doi.org/10.1088/1367-2630/6/1/100
http://dx.doi.org/10.1088/1367-2630/6/1/100
http://dx.doi.org/10.1088/1367-2630/6/1/100
http://dx.doi.org/10.1088/1367-2630/6/1/100
http://dx.doi.org/10.1103/PhysRevA.84.052326
http://dx.doi.org/10.1103/PhysRevA.84.052326
http://dx.doi.org/10.1103/PhysRevA.84.052326
http://dx.doi.org/10.1103/PhysRevA.84.052326
http://dx.doi.org/10.1007/s00340-013-5718-5
http://dx.doi.org/10.1007/s00340-013-5718-5
http://dx.doi.org/10.1007/s00340-013-5718-5
http://dx.doi.org/10.1007/s00340-013-5718-5
http://dx.doi.org/10.1063/1.4816059
http://dx.doi.org/10.1063/1.4816059
http://dx.doi.org/10.1063/1.4816059
http://dx.doi.org/10.1103/PhysRevA.83.043814
http://dx.doi.org/10.1103/PhysRevA.83.043814
http://dx.doi.org/10.1103/PhysRevA.83.043814
http://dx.doi.org/10.1103/PhysRevA.83.043814
http://dx.doi.org/10.1038/ncomms3582
http://dx.doi.org/10.1038/ncomms3582
http://dx.doi.org/10.1038/ncomms3582
http://dx.doi.org/10.1038/ncomms3582
http://dx.doi.org/10.1002/lpor.201400027
http://dx.doi.org/10.1002/lpor.201400027
http://dx.doi.org/10.1002/lpor.201400027
http://dx.doi.org/10.1002/lpor.201400027
http://dx.doi.org/10.1103/PhysRevLett.56.58
http://dx.doi.org/10.1103/PhysRevLett.56.58
http://dx.doi.org/10.1103/PhysRevLett.56.58
http://dx.doi.org/10.1103/PhysRevLett.56.58
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.100.133601
http://dx.doi.org/10.1103/PhysRevLett.100.133601
http://dx.doi.org/10.1103/PhysRevLett.100.133601
http://dx.doi.org/10.1103/PhysRevLett.100.133601
http://dx.doi.org/10.1103/PhysRevLett.106.013603
http://dx.doi.org/10.1103/PhysRevLett.106.013603
http://dx.doi.org/10.1103/PhysRevLett.106.013603
http://dx.doi.org/10.1103/PhysRevLett.106.013603
http://dx.doi.org/10.1103/PhysRevA.85.023829
http://dx.doi.org/10.1103/PhysRevA.85.023829
http://dx.doi.org/10.1103/PhysRevA.85.023829
http://dx.doi.org/10.1103/PhysRevA.85.023829
http://dx.doi.org/10.1103/PhysRevA.72.062301
http://dx.doi.org/10.1103/PhysRevA.72.062301
http://dx.doi.org/10.1103/PhysRevA.72.062301
http://dx.doi.org/10.1103/PhysRevA.72.062301
http://arxiv.org/abs/arXiv:1409.5341



