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ABSTRACT

We review the rapid recent progress in single-photon sources based on multiplexing multiple probabilistic photon-creation events. Such
multiplexing allows higher single-photon probabilities and lower contamination from higher-order photon states. We study the requirements
for multiplexed sources and compare various approaches to multiplexing using different degrees of freedom.
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I. INTRODUCTION

Single-photon sources, inherently nonclassical in their nature,
are quite distinct from the light sources of a century ago. Since
the first efforts toward building nonclassical sources of light a half
century ago,"” significant progress has been made. Now, sources
that produce photons in pairs, allowing for the heralding of a sin-
gle photon, are the workhorse for a wide array of applications
from tests of fundamental physics™* to metrology™® and to even
entanglement-enhanced microscopy.” Systems built from sources
of photon pairs rely on either spontaneous parametric down-
conversion (PDC) or spontaneous four-wave mixing (FWM) and
can now reach production rates of millions of heralded single pho-
tons per second in controlled states® with tailored spectral prop-
erties”'’ and near-perfect spatial modes."' However, because these
nonlinear optical processes are probabilistic, they cannot simulta-
neously achieve a high probability of producing a photon and a
high single-photon fidelity'* (see the Appendix for detailed defini-
tions). This inherent trade-off can be a severe constraint in many
applications.

The multiplexing of many of these probabilistic single-photon
sources offers a path to overcoming this trade-off. By having many
low-probability, but high-fidelity, heralded single-photon sources,
it is possible to create a system that boosts the probability of suc-
cessfully generating an output while retaining high single-photon

fidelity. Multiplexing in such sources is achieved through the use of
time, space, and/or frequency degrees of freedom to parallelize the
spontaneous photon creation in a number of different modes and
then actively switch the photons into a single output mode based on
feedback from heralding detection events.

We will review the history and recent rapid progress in this
exciting field. From a few theoretical proposals near the year 2000,
the field has sharply grown: numerous distinct multiplexing schemes
have been proposed with ~9 experiments realized in the last three
years alone (plus many more relying on similar ideas or technolo-
gies) and that rate is increasing. It seems likely that through the
use of source multiplexing, one can expect states with ten photons
at rates of ~10°/s and states of 50 photons in some finite time are
no longer a pipe dream. This should be enough for a conclusive
quantum advantage over classical computers."’

This paper is organized as follows: first, we discuss photon
source issues, in general, and provide definitions for single-photon
and related metrological parameters. Then, we give a brief history
of the field of source multiplexing and show how and why mul-
tiplexing helps photon sources; next, we discuss requirements for
multiplexed single-photon sources, including the required perfor-
mance of the heralded sources, the switches, and the heralding detec-
tors. Then, we compare the different degrees of freedom that allow
multiplexing. Finally, we provide an outlook and possible future
directions.
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A. Single-photon sources

An ideal single-photon source is one that produces a single
photon in a known single mode each and every time one is called
for, and that mode must be identical each time. That is what is meant
by an on-demand single-photon source. While this ideal source can
never be achieved in the real world due to inevitable losses and
nonzero multiphoton rates, there have been efforts at making bet-
ter and better approximations to such an ideal source. There are two
basic approaches to constructing single-photon sources (beyond the
original approximation to single photons of strongly attenuated laser
light,"* which is limited to ~37% fidelity due to the photon statistics
of coherent states). Current single-photon sources (Fig. 1) are based
either on the isolated single quantum systems that can only emit one

FIG. 1. Types of single-photon sources: (a) isolated quantum systems (e.g., a
single particle in an optical cavity with ground g and excited e states), (b) her-
alded single-photon sources from photon pairs, and (c) multiplexed source (as
one example, spatial multiplexing is shown).
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photon at a time or on sources that emit photons in pairs so that the
detection of one photon heralds the existence of the second photon.
While the isolated quantum systems are often called deterministic
sources (because they can, in principle, produce a single photon on
demand with no other noise or higher-order photon terms), in prac-
tice, there is always some level of residual noise and the efficiency of
photon collection is less than 100%. The difference between deter-
ministic and on-demand sources is that the former produce photons
at certain fixed times, whereas the latter can produce them at arbi-
trary times. This distinction can be blurred by reconfigurable delay
lines or by pumping schemes or storage cavities that are necessar-
ily periodic, e.g., mode-locked lasers. By contrast, the pair sources
used to herald single photons are called probabilistic sources, since
one cannot know even, in principle, when a heralding signal will
come, but when and only when it does come, the existence of the
output photon is guaranteed. In reality, the line between determin-
istic and probabilistic is rather a continuum. Deterministic sources
become more probabilistic as extraction and coupling efficiencies to
other systems (such as fibers) decrease, and probabilistic sources can
become more deterministic by multiplexing.

Each of these approaches has advantages and drawbacks. With
nonlinear-optical pair sources (and faint laser sources), the prob-
ability of one- and two-photon pair excitations is strongly linked,
making optimization of both simultaneously impossible. Thus, these
sources are usually operated in the regime of low excitation proba-
bility, meaning that the state generated is mostly vacuum, so when
a photon is actually produced is unpredictable. However, unlike
faint laser sources, the fidelity (after heralding to eliminate the vac-
uum contribution) of pair sources can be very near unity, as the
multiphoton component can be made arbitrarily small,”” and the
indistinguishability can be made high through source engineering.'®
Of deterministic sources, those based on quantum dots suffer from
lower indistinguishability and fidelity due to charge fluctuations in
their local environment.'” However, this problem is being addressed
by techniques such as resonant pumping'® ' and efficiencies that
continue to increase,”>”’ leading closer to the ideal. There are also
efforts to enable deterministic growth and/or placement within an
integrated platform.”* Nitrogen-vacancy and other color centers in
crystals are also emerging as reliable quantum emitters,”* though
spectral drift in these systems still limits indistinguishability.”” Single
atoms and molecules have also shown promise™*”” but are arguably
more difficult to engineer and integrate than quantum dot-type
emitters.

B. Single photons: Definitions

Single photons, that is, single excitations of modes of the
electromagnetic field as solutions to Maxwell’s equations, are use-
ful in metrology,”” quantum computing,’”* imaging,”*" quan-
tum communication,””® and randomness generation.” (Single-
photon detectors are used in far wider applications as low-noise
low-intensity detectors, but here we focus on applications requir-
ing also single-photon sources.) An ideal single photon is in the state
|1}, where k defines the field mode (spatial mode, continuous-wave
mode, or pulsed temporal mode) in which the photon resides.

While that is the ideal, often more than one photon will be pro-
duced by the source, and once produced, the state always encoun-
ters some nonzero optical loss before reaching the application, a
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transformation that results in a state that contains both vacuum and
multiphoton components along with the desired single photon. Fur-
thermore, the photon can also be spread over multiple modes in a
superposition or mixture, requiring a sum or integral over k.

As the engineering of single-photon sources improves, the
metrology of their performance characteristics becomes more chal-
lenging and more critical. While the need for good metrology obvi-
ously impacts comparisons of devices and schemes, its use as a
diagnostic tool is also key to the advance of these sources.

In surveying the state of development of these devices, it clear
that complete reporting of performance data is needed and some-
thing we strongly encourage. With that goal in mind, we provide
a list of definitions (Appendix, Tables V-VII) and later present a
table with performance results as best as can be determined from
the available literature (Table III). Unfortunately, the published
results are often incomplete and ill defined. Hopefully, this com-
pendium of results will help clarify the progress in the field and
suggest standards of reporting of results. Even the missing table
entries serve a purpose, highlighting the need for better reporting of
results.

For a wider look at single photons and

their applications, we
refer the reader to many excellent reviews.”"

18

1. Single-photon fidelity and indistinguishability

One way to assess the quality of the output of a single-photon
source is to measure its absolute fidelity to a single photon in a
single mode, which is defined as the overlap of the reconstructed
output density matrix with |1);. For the most general case, this is
an unheralded fidelity (i.e., without post-selection), which requires
quantum state tomography by homodyning."” This can be diffi-
cult and time-consuming, so other single-photon metrics have been
developed. For example, the normalized Glauber second-order cor-

relation g (0) = <‘22?2‘;3)
independent of losses, the multiphoton component of the state with
respect to the single-photon component, i.e., [n > 1) vs |1). We also
make use of the heralded fidelity Fj,, which is the fidelity of the pho-
ton to |1) after heralding, but before any losses. This is assessed via
the g(z)(O) as it is intrinsically insensitive to losses and, as such, is the
fidelity in the subspace excluding the vacuum.

Another characteristic that needs consideration is indistin-
guishability, which is defined as the modal similarity of the pho-
tons (spectrum, time, polarization, and space). A subtle point is that
this includes the purity of the photon in each of these degrees of
freedom, as impure states imply the need for purifications that, in
principle, provide distinguishing information. (Indistinguishability
is sometimes also used to quantify the interference between two
photons from the same pair, but we do not consider that here.)
The indistinguishability between photons from different sources or
between photons from the same source, but generated at different
times, is critical for interference experiments. For single emitters, it
is often much harder to achieve indistinguishability between differ-
ent sources due to narrow spectra and differing electronic/magnetic
environments, which can cause spectral variations and wandering.
Indistinguishability is quantified using the visibility of the Hong-
Ou-Mandel interference of the photons.”””" Single-photon sources
should also not emit noise photons at unwanted or unheralded
times. This can be quantified by the output noise factor, the ratio of

is particularly useful, as it quantifies,

REVIEW scitation.orgljournal/rsi

unheralded or untriggered photons to the total photons emitted by
the single-photon source.'””

Regarding photon modes, ideal single photons, are in a well-
defined spatial mode (e.g., of a single-mode fiber) and nicely behaved
spectral-temporal modes (e.g., Fourier-transform-limited Gaussian
modes). Unfortunately, photons are often emitted from sources that
are spatially multimode, violating the ideal requirement and making
coupling to fiber difficult. Photons are often also spectrally multi-
mode, either due to spectral correlations between the two photons
of a pair or due to electronic or other noise near the isolated quan-
tum emitters. For the photon pair case, once one is detected, the
other is left in a mixture of modes, whose natural basis is given by
the Schmidt decomposition of the two-photon joint spectral ampli-
tude.”” The effective number of contributing modes is then given by
the Schmidt number. For the rest of the paper, we assume that the
photon has been engineered (meaning that the source is constructed
in such a way as to produce intrinsically pure photons without sub-
sequent filtering and the additional loss that comes with it) or filtered
(meaning that the photons are strongly filtered to a single mode,
decreasing brightness and heralding efficiency) to be spectrally and
spatially single-mode.

We can also gain some information looking at the bandwidth
and temporal duration of the photons: it is generally desirable to pro-
duce an output with a Fourier-transform-limited time-bandwidth
product. For the heralded sources, a photon that is transform-
limited is also spectrally single mode.” For the isolated quantum
emitters, transform-limited photons indicate that the long-term
noise near the emitter is controlled or eliminated, meaning that
the emission frequency is not wandering with time.'® In both cases,
transform-limited photons enable interference applications.

2. Source brightness

The brightness of a single-photon source has taken different
definitions in different communities, for example, for quantum dots,
it is often the probability of receiving a photon per excitation event,
while for photon pair sources, it is normally the number of pho-
tons per pump pulse or per second, normalized to pump power and
sometimes to photon bandwidth. Here, we define it as the probabil-
ity to have exactly one photon in a single-mode fiber at a given clock
cycle, irrespective of whether a heralding detection is received or not.
Thus, for a pulsed pair source, brightness can be written as

B(unheralded) = pnp(1jn)#coupls (1)

where py, the heralding probability, is the probability of a heralding
event per pulse and p() is the conditional probability of produc-
ing a single photon given a heralding event. The coupling from
the source to single-mode fiber is #coupr. For an isolated quantum
emitter, the brightness is

BQ = P1Mcoupl> (2)

as heralding is not relevant, so here we use simply p; as the single-
photon probability. These two definitions, both defined in terms
of a single spatial mode, allow for clear comparison between these
two types of sources, at least in most applications. We note that for
quantum dot emitters, #coupl is often defined as the collection by the
first lens, a much less useful definition than our single-mode-based
definition.
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The brightness can be assessed by measuring the detec-
tion rate in combination with the multiphoton component via
g?(0). To find brightness from non-photon-number-resolving-
detector count rates, we neglect terms beyond two photons such
that the click probability in the heralded mode given a heralding
signal is

Pdlick = Sdet/Sh # rotP (1]n) + Hrot (2 = ot )P (21> (3)

where Sqe¢ is the rate of heralded single-photon detections, Sy is
the heralding rate (or the repetition rate for quantum emitters), ot
= Hcoupltdet is the total detection efficiency, composed of coupling
and detector efficiencies, and p(p) is the conditional probability of
generating two photons given a heralding event. In addition, the
(heralded) second-order correlation can be measured with a 50:50
beamsplitter and two detectors as g&z)(o) = % Here, the her-
alded coincidence rate is Cy2, and heralded singles rates are Sinn).
This directly gives peop) = gﬁz)(o)/Z, since (a'a'aa) ~ 2p(2|h)17t2m
and (a'a) ~ fior. Then, the brightness in terms of easily measurable
quantities is

B = pnp(1jn) Meoupl
= Ph (Pclick/"]tot - (2 - ﬂtot)p(z\h) )r]coupl
% ph(petei /Mot = (2 = 710) 8 (0)/2) Heoupis )

which can be seen as the heralded click rate, corrected for detector
efficiency, minus the fraction of the click rate that is made of two-
photon events.

Of course, most applications require not just a single photon
one time, but rather a stream of single photons. Thus, the source
repetition rate (the rate of attempts to extract a single photon from
the source, Ry) is an important factor in source design with higher
source repetition rates allowing, for example, faster experiments and
better signal-to-noise ratios. The total rate of usable single photons
out of the source is then Rg.B.

3. Efficiencies

In experiments, there are a number of efficiencies at play. For
pair sources, the efficiency of transforming pump photons into pho-
ton pairs (conversion or generation efficiency) and the coupling effi-
ciency feoupl (i-e., loss due to coupling) for both the heralding pho-
tons and heralded photons into the single-mode fiber are of critical
importance. The total efficiency of detecting a photon given a herald
event (comprising coupling efficiency #coupl and detector efficiency
fdet) is called the Klyshko, heralding, or total efficiency #ot, given in
the low power regime by the ratio of coincidence counts to herald-
ing counts.”” For single emitters, the excitation efficiency, the quan-
tum efficiency of emitting a photon given the dot is in the excited
state, losses due to non-radiative decay,”® and the coupling efficiency
from the dot to the fiber largely determine the brightness.”” The
various sources of non-unit efficiency differ in origin between pair
sources and quantum emitters, making comparisons difficult. Thus,
we use the brightness to best compare the ultimate performance. To
allow for fair comparisons, a delineation of where the source ends
and where the transfer to the application begins needs to be clearly
made,

REVIEW scitation.orgljournal/rsi

Il. THE ADVANTAGE OF MULTIPLEXING

In this work, we focus on transforming probabilistic sources
(namely, sources based on photon-pair emission) into determinis-
tic via multiplexing. It has been shown in theory'” and experiment”’
that a single ideal photon-pair source cannot be used to herald sin-
gle photons with heralded fidelity (fidelity to |1) after heralding
but before any losses) F, = 1 with greater than p, = 25% herald-
ing probability (i.e., unheralded fidelity F < 25%), and this bound
is only achieved if the heralding detector can perfectly resolve the
photon number with perfect efficiency. For single-photon detec-
tors that cannot resolve the photon number (bucket, click, or so-
called photon-counting detectors that merely declare the presence
of one or more photons), the fidelity and heralding probability are
bounded'” as Fy, + py, = 1. Only source multiplexing can break these
bounds for the heralded photon sources.

Photon source multiplexing allows independent control of
the amplitudes of the emitted photon numbers of the component
sources. By allowing many low-probability chances to produce a
single photon, the single-photon term for the multiplexed system
can be increased without increasing the higher-order terms. To the
first order, the output photons maintain the high fidelity of a single,
weakly pumped heralded source while increasing the brightness lin-
early with the number of sources employed. We now examine these
scaling arguments in detail.

The general structure of a multiplexed spontaneous source is
shown in Fig. 1(c). Multiple pair sources are pumped simultane-
ously, and each one has its own heralding detector. If one heralding
detector fires, the corresponding partner mode is actively routed to
the output. If multiple detectors fire, just one of the partner modes is
routed to the output, perhaps based on which path is the least lossy.
It is key that the other modes, those not selected to route to the out-
put, are removed and not allowed to propagate with the true output
mode so that any photons produced in these modes do not pollute
the single-photon state.

A. History of multiplexing

The first ideas for multiplexing many down-conversion events
to engineer quantum states came as early as 2001.” The next year,
multiplexing for single-photon generation was independently for-
malized by Pittman and colleagues for the temporal degree of free-
dom™ and by Migdall and colleagues for the spatial degree of free-
dom.” Further theoretical refinements and schemes were provided
by Kwiat and colleagues in 2004°" and 2009,”” and Shapiro and
Wong in 2007,” and strong limits mentioned above on the herald-
ing probability and fidelity for single PDC sources were shown to be
surpassed with multiplexing in 2012."” The Pittman work already
included a first experimental demonstration, but it was not until
2011 that a large number of experiments started. A selection of
these experiments is summarized by performance in Fig. 2. So far,
only quantum-dot sources and time-multiplexing schemes based on
bulk optics have outperformed the bounds of non-multiplexed PDC
sources.

B. Theory of multiplexing

The two-mode state emerging from a photon pair source is
well-described by the squeezed vacuum state,””
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) = VI- 2 3 A, 5)
n=0

with the squeezing parameter r contained in the squeezing strength”’
A = tanhr and 7 being the number of signal and idler photons that
are each in single mode. It is immediately clear that the probability
of generating two photon pairs is directly linked to the probabil-
ity of generating one, namely, its square. The heralding event by a
click detector is represented by the positive operator-valued measure
(POVM) element,

I = 2[1 (1= )" ]Il ©)

where 7, is the detection efficiency of the herald including all optical
coupling efficiencies and the heralding detector efficiency. Applying
those efficiencies to one mode of the PDC state and tracing over the
other give the heralding probability,

pr=(1=2) Y[ = (1= mn)n]A”"
n=0
~ fnh* + (i = ) )
and the heralded single-photon state,'”

p= - -

N sz(l - /\2)|1)(1| + 2 - )N 2) 2
Pn

where in each second line, we keep only two orders in A.
Before we look at the low-power approximation, we can check
the fundamental limits of brightness and heralded fidelity for a
standard single PDC source. Without optical or detector losses,
the heralding probability for click detectors is py = A, then the
brightness is B = pnp(ih) = (1 -2 )Az and the heralded fidelity is
Fun =pppy = (1-1?), satisfying the limit Fy, + py = 1, and allowing
us to plot the single PDC source limit curves in Fig. 2. The heralded
fidelity is lowered only due to multiphoton components and does

, ®)

68,69

not include losses on the heralded mode. These losses are instead
captured in the brightness through #coupl.

In the low power regime, in order to approach commonly mea-
sured quantities, we can directly extract the heralded probability
of producing one and two photons as p(p) ~ 1A% /py and P

~ (2 — fn)uA*/pn, respectively. The brightness is B = PhP(1jh) Heoupl
~ qh)tz fcoupl> and to second order, the heralded fidelity is

(2)
—&;mwl—@—mn? )

Fo=pap) # 1 —pp) »
The heralded g}(12)(0) can also be related to the coincidences-to-
accidentals ratio CAR = (C — A)/A, where C is the total number of
measured coincidences and A is the measured accidentals,

&2 (0) ~ 2(2 - ) /CAR. (10)

Again, for perfect heralding efficiency, p, = A%, so Pam =1 - A2
giving Fy + pn = p(ijny + ph = 1. Then, the bound Fy, + pn < 1 applies
for imperfect efficiency. Multiplexing can break this bound.

Instead of a single generated state |y), multiplexing uses many
generated states, and routes to the output one whose correspond-
ing heralding detector clicks. This K-source state is described by the
tensor product,

K oo
® A2 %" A'|n,n) (11)
k=0 n=0

Now, we also have K heralding detectors, and since we want
to actually switch the heralded photon to the output mode, we
can accept any number >0 of detectors firing. From the geometric
distribution, the heralding probability now is

Phomax = 1= (1 -(1-1) i[l -(1- nh)”])ﬁ”)

O o (12)

which can be interpreted as one minus the probability that none of
the heralding detectors fires.
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TABLE . Heralded fidelity and heralding probability for the given source and detection parameters. The first row is the base
case of a weakly pumped single source providing 99% heralded fidelity. The next two rows are for a very reachable number
of sources of 10, the latter showing the effect of increasing the squeezing strength by a factor of 10. The next row shows
what could be achieved with 100 sources. The last two rows show the number of multiplexed sources needed to reach
simultaneously 99% fidelity and heralding probability without and with dark counts in the heralding detector, respectively.

Number of Heralded Heralding
multiplexed Squeezing Herald detection Dark count fidelity probability
sources K strength 22 efficiency 1 (%) probability d Fp, (%) P (%)

1 0.0083 80 0 99 0.66

10 0.0083 80 0 99 6

10 0.083 80 0 90 50

100 0.0083 80 0 99 48

692 0.0083 80 0 99 99

845 0.0068 80 107° 99 99

The state after heralding and switching is identical to Eq. (8)
and thus has the same heralded fidelity, but the brightness is directly
improved with increasing number of sources. Again for lossless
detectors, F, + ph ~ 1 — M2+ KA o>, breaking the single-
source bound. In fact, for K - oo and A\> - 0, Fy, and py both
approach 1. For a realistic efficiency of n, = 80%, to reach py
= Fy, = 99% with non-photon-number-resolving detectors requires
A% = 0.0083 and K = 692 sources, before any other losses are con-
sidered. These and some other cases are summarized in Table L.
The large number of sources can also be reduced by using photon
number-resolving detectors in the heralding arm, allowing stronger
pumping while preserving the fidelity; for details, see Christ and
Silberhorn."”

Next, we describe the physical requirements for multiplexed
photon sources and the effects of imperfections.

lll. REQUIREMENTS
A. Probabilistic single-photon sources

A good multiplexed single-photon source starts with a good
photon pair source. As shown above, the fidelity of the multiplexed
single photon is the same as the heralded single photon from a sin-
gle source. Thus, photon pair sources used for multiplexing should

be low-noise, i.e., their g}(lz)(O) should not exceed 2A%, and they
should be spatially and spectrally single-mode to allow multipho-
ton interference. Achieving single-mode operation remains a signif-
icant effort in source engineering, and many common sources do
not fulfill this condition. Furthermore, the coupling efficiency from
the source to the heralding detector and to the multiplexer should
be high, as both significantly degrade the achievable improvement.
Whether the sources must be bright depends on the application:
for optimized single-photon fidelity, many sources of low squeezing
strength are needed (A* < 0.01) such that the multiphoton compo-
nent of the output state is minimized. By contrast, for the highest
rates, the emission probability of each source should also be large
enough (1% ~ 0.1) such that the probability to have a heralding event
is high or the number of sources increased. The trade-off is that for
high emission probability, the multiphoton component will be large,
decreasing the output single-photon fidelity.

Many sources can satisfy these requirements, notably three-
wave mixing sources based on bulk'”’*”” and waveguided”’® potas-
sium titanyl phosphate (KTP) [unlike periodically poled lithium nio-
bate (PPLN), which does not produce spectrally single-mode states
directly] and bulk potassium dihydrogen phosphate (KDP)'® crys-
tals. Resonator sources that restrict the photon pairs to single spec-
tral modes are also good candidates.”””’ Some integrated sources
also show reasonably good performance, especially if photons would
not have to be coupled off-chip for multiplexing, for example, four-
wave mixing in silicon wire waveguides’' and microdisks,” pho-
tonic crystals”’ and birefringent™ fibers, and laser-written silica
waveguides.”’

B. Optical switches

Equally critical to source multiplexing is the switch or switches
that receive a signal from the heralding detector to switch the
heralded photon into the output mode. Multiplexing schemes
have used the integrated switches, such as fast opto-ceramic
switches®* ¥ and electro-optic switches,”*® and bulk electro-
optic polarization rotating switches, with”"*" and without™ "
polarization-independent interferometers. Spectral multiplexing
requires frequency shifts rather than path switching, which has been
accomplished with electro-optic modulators’” and four-wave mix-
ing.” In all cases, the heralded photons must be delayed to allow
time to process the heralding signals and activate the switch. Most
switching times are short enough that the needed optical delay is
dominated by electronic processing time. Delay (or latency) times
in source-multiplexing experiments range from 200 ns to 1000 ns,
but none of these has been strongly optimized. If this required delay
can be met by sending the heralded photons through the optical
fiber, and if the photons are at telecom wavelengths, not much loss
is encountered. However, in other cases and for scaling to applica-
tions, this delay time should be reduced significantly from its current
average.

For spatial and temporal multiplexing, the photons pass
through switches multiple times, making the insertion loss of the
switch a critical parameter. Most integrated switches mentioned
above have ~1 dB loss, while the bulk polarization rotators can reach
0.03 dB.”” This is one of the contributing factors why the integrated
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TABLE II. Switch parameters used in source multiplexing experiments (the last one is relevant but has not yet been used for
multiplexing). * indicates the value inferred from similar devices. Other multiplexing works did not report these parameters.
Further relevant parameters, such as switch contrast, fall time, maximum burst rate, and minimum on time are not reported.

Type Rise time (ns) Maximum rate (MHz) Transmission (%) References
Pigtailed electro-optic 300 0.5 79 O’Brien16"
Pigtailed ceramic 50 1 79 Mosley17"
Pigtailed phase mod. 0.25 o 32 Tittel17
Bragg scattering 2.5 1 74 Gaetal8™
Bulk electro-optic <10% 0.5 99.2 Kwiat18™
Cross-phase mod. <0.4 5 79 Lee18™

implementations in Fig. 2 remain on the left part of the graph, as
switching loss enters exponentially in the photon rate. However,
the integrated switches can be faster than the bulk, allowing the
source(s) to be pumped faster, creating a linear speedup in the pho-
ton rate. In current implementations, the speed advantage for the
integrated switches is not yet large (e.g., 1 MHz" maximum rep-
etition rate for the integrated switches vs 0.5 MHz'* for the bulk),
but this gap should grow with continued research. The contrast of
the switches should also be high such that only the desired heralded
mode is coupled to the output, suppressing unwanted counts from
all other modes. This high contrast has been shown in a “multiplex-
ing of one” scheme, wherein the output of a single source is physi-
cally gated based on the heralding signal, providing an extremely low
output noise factor.'””** Switch parameters for a number of multi-
plexing experiments are shown in Table II. A promising new direc-
tion is the use of four-wave mixing in interferometers as a switch,”
which promises rates up to 500 MHz (currently 5 MHz) with losses
below 1 dB.

C. Heralding detector

The final important component in source multiplexing is the
heralding detector(s), which must be efficient enough to detect a
significant fraction of the herald photons, fast enough for high-rate
pumping, and have low enough dark counts to avoid heralding the
vacuum. In recent years, it is very common to use superconduct-
ing nanowire single-photon detectors,”’ as they have the highest
overall figure of merit”® H = det/ (drAt) (defined as the detector effi-
ciency divided by the dark count rate and the timing resolution)
and satisfy the requirements above, albeit at the cost of cryogenic
operation.

As seen above, the heralding probability for a single source
is proportional to the efficiency of detecting the heralding photon.
For a fixed pump power, the effect of herald detection efficiency
on the heralding probability and heralded fidelity for K = 20 and
K = 50 multiplexed sources is shown in Fig. 3. From Egs. (9) and
(12), we can approximate the number of sources required to surpass
the single-source threshold of Fy, + py = 1, given herald detection
efficiency #, as

K~y ——, (13)

which shows that for lower herald detection efficiency, more
sources are required. Assuming weak pumping, this threshold is

independent of the pumping strength. Or equivalently, for K
sources, a herald detection efficiency of

m~2/(K+1) (14)

is needed to break the single-source bound.

The dark counts of the heralding detector also play a role.
Adding dark counts to the detector POVM™ [Eq. (6)] and recalcu-
lating the heralded single-photon state [Eq. (8)] give

p= S (=)= ) W
R R A N T

Pn

where d is the dark count probability during the heralding coinci-
dence window and in the limits A <« 1 and d <« A. Now, the heralded
fidelity including the vacuum is

2 22

F=—~ . 16
b Ph d/r]h +A% + (2 — 11}1)/\‘1 (16)
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FIG. 3. (Upper) Heralding probability and heralded fidelity for a multiplexed single-
photon source with K = 20 (solid) and K = 50 (dashed) sources vs the efficiency
of the heralding detector #, for two different squeezing strengths A. (Lower) The
fidelity is independent of the number of sources, while the heralding probability
increases with the source number.
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Reaching the same 99% fidelity now with d = 10 instead of a noise-
less detector requires decreasing the pump power (lowering the mul-
tiphoton contributions to compensate for the vacuum contribution)
to A* = 0.0068, increasing the number of sources required to reach
heralding probability 99% from K = 692 to K = 845 (Table I). How-
ever, modern superconducting nanowire detectors have d < 10”7 in
a 1 ns window, making dark counts largely irrelevant.”’

Finally, heralding detector dead time can decrease the heralding
rate or require adopting detector multiplexing strategies.””* Dead
time arises from the need for suppressing afterpulses after the detec-
tor fires or, in the case of gated detectors, from the need to reset to a
ready state even after a gate with no detection events.”* Dead time is
a bigger problem for temporally multiplexed sources, since just one
detector is responsible for detecting all modes, whereas in other mul-
tiplexing methods, different detectors are coupled to different source
modes.

D. Integrated vs bulk optics

Photon sources, switches, and detectors all exist in both bulk-
optic and integrated forms. Integrated optics promise bright sources
due to strong confinement and long interaction lengths (how-
ever, source engineering is essential to produce spatially and spec-
trally single-mode photons), high-speed switching enabled by low
required voltages, and high-efficiency low-noise detectors due to
small active areas and strong interactions. The integrated optics
devices are also compact and robust, leading to easier adoptabil-
ity in applications. However, so far the problems of coupling losses
from the chips to external detectors and noise filtering have not
been sufficiently solved to permit performance competitive with
bulk optics with the notable exception of detection. Here, super-
conducting nanowire detectors outperform other types of detectors,
especially in the telecommunication wavelength bands. They nor-
mally require coupling via the optical fiber, but the integration of
detectors on waveguide structures is showing promise as the need
for off-chip coupling is eliminated.””

The integrated sources, however, suffer from losses coupling
between disparate elements, ~1 dB (20% loss) per interface,”’ as
well as waveguide losses in the source itself (e.g., 1 dB over the
196 nm long source waveguide in Ref. 86). Not only are integrated
filters lossy, they tend to have low extinction (e.g., 2.8 dB loss for
40 dB extinction in Ref. 98), requiring cascading filters to achieve the
required pump and noise suppression.”” Nonetheless, strong gains
are being made all the time in integrated quantum optics, which
should allow surpassing bulk-optic performance in a few years, in
particular, in scaling to many sources and many photons.*’

IV. DEGREES OF FREEDOM AND MULTIPLEXING
SCHEMES

Now, we present a survey of the various degrees of freedom
that have been proposed for multiplexing, and the implementations
using them, with experimental results summarized in Table III.

A. Spatial source multiplexing

Spatial multiplexing requires multiple down-conversion events
to occur in separate spatial modes, either in the same crystal, e.g.,

REVIEW scitation.orgljournal/rsi

in different directions, or in physically separate crystals (see Fig. 4).
First proposed in 2002,” it was shown theoretically that it is pos-
sible to decouple the probability of producing one and more than
one photon by pumping multiple sources simultaneously and plac-
ing a heralding detector on each one. When a detector fires, its
corresponding partner photon is switched into the output. The
first experiment using multiplexed spatial modes came nearly ten
years later: Ma et al.”” pumped two beta barium borate (BBO) crys-
tals to produce photon pairs, and additionally polarization entan-
glement, effectively giving four PDC sources (two spatially sepa-
rated sources and two polarizations for each source). A fast router
based on Pockels cells directed the heralded photons to the output
mode.

After this implementation, there were many theoretical refine-
ments in spatial schemes, adding realistic experimental imperfec-
tions.'”"'”* With an eye toward scalability, modularity was intro-
duced, allowing the connection of many identical components into
massive multiplexing setups,” particularly to reduce the average
number of switches traversed'”” " or to switch the pump instead
to eliminate switching of the single photons entirely'’® and the asso-
ciated switch loss. This last scheme is sometimes referred to as
“dump the pump.” A number of schemes combined spatial and tem-
poral multiplexing, increasing the number of sources available to
multiplex.”'"”'"" Applications of such sources include BosonSam-
pling'””""” and quantum key distribution.'"’

In parallel, partially integrated spatial multiplexing took off,
pioneered in the Eggleton group, including discrete but waveg-
uided sources and switches,”****" and fully fiber-based experi-
ments.”’ However, due to high losses, these experiments have
not yet approached the single-source limits. A great engineering
push to reduce losses is ongoing across the integrated quantum
optics community, and this will greatly benefit these multiplexed
sources.

One new direction is the spatial multiplexing of atom-photon
entanglement in a quantum memory.''” This allows multiple exci-
tations to be stored in parallel, heralded by the detection of a single
photon correlated with each excitation on a single-photon camera.
Then, the multiple stored excitations can be emitted simultane-
ously as a multiphoton state. Switching the arbitrary heralded spatial
modes into desired modes remains a challenge.

B. Temporal source multiplexing

A proposal resembling temporal source multiplexing was pub-
lished in 2001,” but the field really began with the experiment of
Pittman, Jacobs, and Franson [Fig. 5(;1)],5‘) published just a month
before the first spatial multiplexing proposal.”’ They showed the
storage of heralded photons in a free-space loop conditioned on
heralding events, with the purpose of providing photons on pseudo-
demand. Pseudo-demand here means that the photons can come at
any time, but then be stored for an integer number of the roundtrip
times of the memory loop and released at a selected, albeit con-
strained, time. This was followed by analyses by Kwiat and col-
leagues to put the idea on solid theoretical footing comparable with
the spatial case”' and to introduce the production of Fock states with
more than one photon by repeated down-conversion.’

Compared to spatial multiplexing, temporal multiplexing can
claim a big advantage in the scaling of physical resources (as well
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a) Optical Switching Circuit
Downconverter
Array

Single Photon Output

FIG. 4. Proposal for spatial source multiplexing, either using many distinct sources
(a) or many spatial modes of a single source (b). Reproduced with permission from
Pittman et al., Phys. Rev. A 66, 042303 (2002). Copyright 2002 American Physical
Society.

as the experimental effort in alignment). Since the down-conversion
events happen at different times rather than different locations, only
one PDC crystal and a single pair of output ports are needed for an
arbitrary number of multiplexed modes. This makes scaling to large

(@)
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b EO

switcl

outi:mt
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Binary division fiber network

FIG. 5. (a) Schematic for temporal multiplexing using a storage loop, where many
temporal modes are pumped, and the one with a herald event is synchronized
using a selectable number of roundtrips of the storage loop to the output. Repro-
duced with permission from Pittman et al., Phys. Rev. A 66, 042303 (2002). Copy-
right 2002 American Physical Society. (b) An alternative synchronization method,
binary division, where the photon takes the single path with the correct delay
length through the fiber network. Reprinted with permission from Latypov et al.,
J. Phys.: Conf. Ser. 613, 012009 (2015). Copyright 2015 Author(s), licensed under
a Creative Commons Attribution 3.0 Unported License.
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multiplexing considerably easier experimentally. However, temporal
schemes generally have to run at lower repetition rates than spatial
ones, both for the fundamental reason of needing many temporal
bins to generate photons and for the practical limitation of slow
switching speeds. In the spatial case, any one switch has to oper-
ate on average less often than the rate at which photons are pro-
duced, but the temporal switch has to switch at least once for each
photon.

Relative multiplexing'’'"* of photons, another multiplexing
variant, allows multiple photons to synchronize not at a fixed clock
time, but at some convenient common time bin, or in the spatial
mode that requires least switching. This can improve both temporal
and spatial schemes.

Temporal multiplexing can be divided into two main types:
those based on networks of delay lines [Fig. 5(b)] and those based on
storage cavities or loops [Fig. 5(a)]. Delay lines use a fixed number of
fixed-length relative delays to align the heralded photon to an output
clock, while storage loops use an arbitrary number of roundtrips in
a single path. Examples of delay lines include both on-chip delays'"
and proposals''” and implementations”®””'"” using specific fiber
lengths. Storage loops have been proposed’ and implemented"”
using fiber loops, proposed with simple free-space linear cavities,”
and implemented with free-space Herriot cells,”” providing about
the same delays but allowing the use of free-space Pockels cells that
have much lower losses than the integrated switches. The best per-
formance so far has come from short free-space ring cavities,”” with
output single-photon probabilities of up to 66.7%, and additionally
spectrally engineered pure photons, giving up to Fy + pn ~ 1.83,
strongly outperforming the single-source limit. Values of Fy, + ph
for many multiplexing experiments are given in Table IV.

Related to storage loops are delay cavities, which use resonance
of the photons for storage and release, rather than polarization or
physical switches. These have found use in the continuous-variable
community for narrowband photons' """’ and also in a fully inte-
grated proposal in silicon photonics.'”' Using true quantum mem-
ories based on Raman scattering or rare-earth ions has also been
proposed to enable time multiplexing.** Finally, time multiplexing
of spin-wave excitations has been shown to increase atom-photon
entanglement rates in the field of quantum repeaters.'*'**

There is an important point in the bookkeeping of the source
repetition rate (the rate of attempts to extract a single photon from
the source) of spatial vs temporal source multiplexing. In temporal
multiplexing, the source repetition rate is chosen to be compatible
with the maximum switching rate. (Note that the switching rate is
not to be confused with the switching transition time, which is typ-
ically much faster.) In this case, the pump rate is many times faster
than the maximum switching rate, which provides for the multiplex-
ing of many pump pulses to one single-photon extraction attempt.
In spatial multiplexing, the pump repetition rate equals the source
repetition rate (since the multiplexing happens in space rather than
in time). However, in current spatial multiplexing experiments, the
source is pumped much faster than the maximum switching rate,
and the maximum switching rate is enforced after the fact by a hold-
off time programmed in switching logic after a heralding event. This
holdoff time reduces the single-photon rate, but not the source repe-
tition rate, which remains at the full laser repetition rate. This can
be likened to making the photons available on pseudo-demand™
because they come at random laser pulse times, rather than at

16,117

Rev. Sci. Instrum. 91, 041101 (2020); doi: 10.1063/5.0003320
© Author(s) 2020

91, 041101-10


https://scitation.org/journal/rsi

Review of
Scientific Instruments

REVIEW scitation.orgljournal/rsi

TABLE IV. Best values for the sum of heralding probability and heralded fidelity from multiplexed sources. All values are
inferred from published data, the fidelity from the heralded g'®(0) or CAR and the probability from the heralding rate and
experiment clock rate. References where one of these parameters is not provided are not included.

Heralding Heralded

Type probability py, (%) fidelity Fy, (%) pn+ Fn Reference
Bulk spatial 0.25 96 0.96 Zeilinger11%
Integrated spatial 0.0024 99 0.99 Eggleton13*
Integrated spatial 0.029 89 0.89 Tanzilli14°’
Bulk storage loop 98 75 1.73 Kwiat15”
Integrated temporal + spatial 0.081 97 0.97 O’Brien16"
Bulk spatial 0.12 99 0.99 Takeuchil6"
Integrated spatial 0.091 95 0.95 Mosleyl6™
Integrated spectral 0.012 97 0.97 Tittel17°
Bulk storage loop 97 86 1.84 Kwiat19”

pre-chosen ones as in the temporal case. The way around this for
spatial multiplexing is to select specific pulses (or pulse-pick) from
the pump laser to a rate compatible with the switches. This will
increase the brightness at the specified clock times, at the cost of
lowering the overall per-second photon rate, which may not be a
worthwhile trade-off until losses are reduced.

C. Spectral source multiplexing

The newest form of multiplexing uses the frequency degree of
freedom, spectrally correlated photon pairs, and spectrally resolved
detection of herald photons. For this form, frequency shifting of the
heralded photons is employed to switch photons between modes as
in Fig. 6. Spectral multiplexing was pioneered using a linear phase
ramp from an integrated phase modulator to shift the frequency
of the heralded photon depending on the frequency of the herald

<
¥

<

<

Idler frequency [arb. units]
T S

v v v
. S+ sO S-
Signal frequency [arb. units]

FIG. 6. Spectral source multiplexing. The idler photon, which shares a correlated
joint spectrum with the signal photon, is detected with spectral resolution (v;+, vig,
or v;_), then the corresponding signal photon’s frequency is shifted to the output
spectral band vsg. Reproduced with permission from Grimau Puigibert et al., Phys.
Rev. Lett. 119, 083601 (2017). Copyright 2017 American Physical Society.

for three discrete frequency bins.”” The method has been extended
to continuous frequency resolution'”” using a time-of-flight
spectrometer.'”'*

A different approach soon followed: frequency conversion of
the heralded photon using four-wave mixing with different pump
frequencies again for three frequency bins of the herald photon.™
Both approaches to spectral multiplexing will face technical chal-
lenges in expanding to many sources, the phase ramp approach due
to the limited bandwidth and depth of the modulators, and the four-
wave mixing approach due to the need for a different pump laser for
each frequency bin.

D. Related experiments

One of the main reasons for desiring single photons on demand
is the production of multiple photons for interference-based appli-
cations.”*'""1%%127 10 The fast switching inherent in source multi-
plexing is additionally useful for synchronizing multiple sources or
de-multiplexing a photon stream from a single source to multi-
ple spatial modes. The former has been accomplished with two
temporally multiplexed sources, relatively multiplexed to show
an increase in the two-photon interference rate of ~30 times
over non-multiplexed sources using bulk components,'”" and ~2
times compared to non-relative temporal multiplexing using the
fiber-integrated components.'"” Both the previous experiments also
demonstrated high indistinguishability of the multiplexed photons.
As proposed in 2014,'"” de-multiplexing has been employed to
take subsequently produced photons from a single quantum dot
and route them to different spatial modes using the integrated
switches,"”” passive (probabilistic) bulk optics,'”” and multiple free-
space switches.”' Finally, higher-order Fock states can be prepared
using the ideas of multiplexing through repeated down-conversion®”
or simply storing higher-order heralded states until required.'”’

V. SUMMARY

It is clear that from the beginning, what were offered as ideal
single-photon sources were woefully deficient in many character-
istics, particularly for any application requiring more than two
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photons. It is also clear that there has been an increasing inter-
est in multiplexing methods in terms of the degrees of freedom
used and how to best use those degrees given limitations of exist-
ing components. One benefit of these efforts to implement multi-
plexed systems is that it has drawn attention to those component
limitations and encouraged improvements. Advances in detector
efficiency, dark count rate, and switch loss have all contributed to
the improved operation of heralded sources and their multiplex-
ing. In addition, the careful engineering of pair sources to generate
pure photon states has taken great strides. All these advances have
greatly improved single-photon rates and brightnesses to the point
where experiments requiring handfuls of photons are possible and
experiments requiring 15 or more are imaginable.

What is still clear is that while multiplexing is the only path
to scalability, components of multiplexed photonic quantum sys-
tems also need to be scalable. This can be seen as heralded pho-

REVIEW scitation.orgljournal/rsi

will be interesting to watch. While the current leader in the
highest photon experiments uses a single time-multiplexed quan-
tum dot,'” it remains to be seen if that lead will hold. What ulti-
mately may tip the balance is the relative ease with which indis-
tinguishable photons can made from separate heralded-photon
sources vs the individual manipulation required to make two pho-
tons from separate dots indistinguishable. This will be a key fac-
tor in determining which approach succeeds and in which applica-
tions. Another important factor is the convenience of noncryogenic
operation.

We have noted the continuing difficulty in comparing results
and often the lack of clarity in defining and stating performance
parameters. That was apparent to the authors in assembling results
into Table III. To help, we have created a table of definitions
and measurement protocols that we hope will be a convenience to
subsequent authors and help promote clarity.

ton and quantum dot sources both use multiplexing to improve
to achieve higher rates in multiphoton experiments. As a result,
both must move to the integrated components as system size
increases. With the emergence of numerous “quantum vendors,”
the development and advance of efficient integrated components
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APPENDIX: DEFINITION TABLES

TABLE V. Definitions of terms relevant for single-photon sources.

Term Definition

Deterministic photon source A photon source that can, in principle, produce a single photon with high probability at fixed, regular

times. The isolated quantum emitters and multiplexed heralded sources seek to reach this goal

Heralded single-photon source A source of single photons based on heralding one photon from a photon pair source by detecting
its partner photon. This is a probabilistic source that can nevertheless produce high-quality photons,

albeit at arbitrary times

Isolated quantum system A source based on a single isolated quantum system, such as a single atom, color center, or quantum

dot, which emits single photons after optical or electronic excitation

On-demand photon source A photon source that can, in principle, produce a single photon with high probability at arbitrary

times. The isolated quantum emitters and multiplexed heralded sources seek to reach this goal

Photon pair source A source of photons based on nonlinear optics, either three-wave (parametric down-conversion)
or four-wave mixing, where one or two pump photons decays to a pair of correlated photons. One

photon can be directly detected to herald the presence of the other

Photon-counting (click) detector A single-photon-sensitive detector that clicks when one or more photons are detected, thus “photon

counting” is a misnomer

Photon number resolving detector A single-photon-sensitive detector that reports the number of photons detected

Probabilistic photon source A source of single photons that emits photons at various times with some probability, typically much
lower than unity. Often these are pair sources, where detecting one photon at an arbitrary time
heralds the presence of a coincident partner photon. The isolated quantum systems also become

probabilistic under realistic losses

Transform limited A photon source emits transform limited photons if they are in a single spectral-temporal mode
without drift of the central frequency (for the isolated quantum systems) or mixedness across multi-
ple Schmidt modes (for pair sources). Such photons are highly indistinguishable and are suitable for

multiphoton interference
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TABLE VI. Definitions of parameters and metrics relevant for single-photon sources.

REVIEW scitation.orgljournal/rsi

Term Symbol Definition How to measure

Brightness B Probability of exactly one photon in a single-  Measure the ratio of detector clicks to clocks,
mode fiber at a given clock time, irrespective  then divide out the detector efficiency and
of whether a heralding detection occurs or not.  downstream losses. Subtract the multiphoton
Applies equally well to quantum emitters and component as estimated by the g(z)(o) (for pair
pair sources sources, the heralded g}(lz) (0))

Coincidences- CAR The ratio of true coincidence count rate to  Measure the raw coincidence rate, and mea-

to-accidentals accidental coincidence count rate from a pair  sure the accidental rate by electronically delay-

ratio source: CAR = (C — A)/A, where C is the total  ing the coincidence window by a multiple of the
coincidence rate and A is the measured acci-  repetition rate
dentals rate, which can be approximated by the
heralded g}sz) (0)as CAR~2(2 - qh)/glsz) (0)
Conditional photon proba- P(njn) Probability of producing n photons in a pair Py can be approximated from click proba-
bility source given an heralding event bilities and p(y)p) from the heralded g(2>(0) [see
Eq. (3]

Coupling efficiency Ncoupl The efficiency to collect an emitted photon in  For pair sources, measure the Klyshko (herald-
a single-mode fiber from the photon source, ing) efficiency and divide out the detector effi-
including filtering and other losses. In this  ciency and downstream losses
work, we include loss from the multiplexing
process here

Detector efficiency Hdet The efficiency of a detector to produce an elec-  Detector efficiency can be measured using cali-
trical output click when one photon is incident  brated attenuation of laser light
on the detector

Klyshko efficiency *, Htot For pair sources, the raw probability to detect For the signal’s Klyshko/heralding/total

heralding efficiency, heralded photon given a herald detection, efficiency, divide the coincidence rate by the

total efficiency ftot = Heoupl fdet idler singles rate, and vice versa

Total herald detection effi- 1h For pair sources, the total detection efficiency  Coincidence rate divided by singles rate in the

ciency (Klyshko efficiency) of the herald photon other channel

Emission efficiency The probability (normally for a single-emitter =~ Measure the count rate then divide out all
source) that a photon is emitted at the desired  losses
time, including the excitation probability

Generation efficiency The number of emitted photon pairs (for pair ~ Measure the coincidence (C) and singles rates
sources) per second per milliwatt of input (81, S2), then find the rate of emitted pairs as
pump power, sometimes also normalized per  before any losses S15,/C, then divide by pump
photon bandwidth power and possibly photon bandwidth

Dark count probability d The probability that a detector fires with no  Block light to the detector and measure the
light incident per experiment time window dark count rate, then multiply by the experi-

ment time window

Fidelity to a single photon F The overlap of the output state of a single-  Reconstruct the Wigner function of the output
photon source to a single photon in a single mode using, e.g., homodyning, then compare
mode with that of an ideal single photon

Fidelity (heralded) to a sin- Fi For photon pair sources, the overlap of the out- ~ Can be approximated by measuring the her-

gle photon put state conditioned on a heralding eventtoa  z]ded ngZ) (0) asin Eq. (9)
single photon: F,, = { 1|p|1), where p is the state
after heralding. In this work, we neglect modes,
but ideally this should be in a single mode

Heralding probability Ph The probability per output clock (often, per ~ Measure the heralding rate and divide by the

pump pulse) to measure a heralding event from
a pair source

source repetition rate
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TABLE VII. Continuing definitions of parameters and metrics for single-photon sources.

REVIEW scitation.orgljournal/rsi

Term Symbol Definition How to measure
Heralding rate Sh The rate of measured heralding clicks from a ~ Count the number of herald events per unit
pair source time
Hong-Ou-Mandel Vaom The visibility of the HOM dip recorded when Given the maximum and minimum coinci-
interference visibility; 0 looking at the coincidence counts when two dence rates (Cmax, Cmin) across the dip, Viom =
photons are incident on opposite ports of a (Cmax — Cimin)/Cmax
50:50 beam splitter and varied in distinguisha-
bility, most commonly by a relative time delay
Indistinguishability I The indistinguishability of two photons from  Measure a Hong-Ou-Mandel dip”’ between
separate sources or from the same source at  the two modes. The indistinguishability is equal
different times quantifies their ability to inter- to the visibility of the dip: I = Vaom
fere. Perfect indistinguishability (I = 1) implies
perfect interference visibility
Multiphoton component The fraction of the total photon state made A sense of the multiphoton component can be
up of Fock states of more than one photon. A obtained from the g(z)(O) and similar correla-
heuristic rather than precise quantity tion functions
Number of multiplexed K The number of sources whose outputs are Count the number of sources you have built
sources combined through switching in a multiplexed
single-photon source
Output noise factor” The ratio in the output mode of a photon  Use a coincidence timing histogram to identify
source of the background counts to the total the true, narrow, photon peak, and the broad
output counts (sum of background counts and ~ background counts. Divide these background
true counts) counts by the sum of true and background
counts
Schmidt number Ks The effective number of optical modes (spa- Measure the unheralded gﬁiﬁ(o) for either pho-
tial and/or temporal-spectral) into which the  ton of the pair, and find the Schmidt number
photon pairs are emitted. Sources with the g n 1 /(géia(o) _ 1)
Schmidt number greater than 1 produce non-
transform-limited photons
Second-order g(z) (0) In a single mode, gives information on the For a low multiphoton component, the g (0)
correlation function g}sz) (0) multiphoton component. Variants specific to can be approximated as follows: split the mode
gﬁﬁ}{(o) pair sources are the heralded g}sz) (0), on a 50:50 beamsplitter, and place single-
measured conditioned on a heralding event, photon detectors at each output, recording the
and the unheralded gﬁi})l (0), measured singles on each detector S; and S, and the
unconditionally coincidences C. Then, g(z)(O) ~ §515,/C
Single-photon rate Sdet The rate of single-photon detections that have Count the number of heralded single-photon
been heralded by a herald event detection events per unit time (i.e., coinci-
dences between signal and idler)
Source repetition rate Ryrc The rate of attempts to extract a single photon For spatially multiplexed sources, generally the
from the source same as the pump laser repetition rate. For
other cases, this source repetition rate is often
much lower than the pump laser repetition
rate, so take care in counting the number of
attempts made
Squeezing strength 22 The overall strength of the squeezing interac- Can be inferred from single-photon count rate

tion or parametric down-conversion; depends
on pump power, nonlinearity, crystal geome-
try, phase matching

in the low-squeezing regime. Related to the
squeezing parameter r as A = tanh r
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