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Abstract
Efficient generation of single photons is one of the key chal-
lenges of building photonic quantum technology, such as
quantum computers and long-distance quantum networks.
Photon source multiplexing—where successful pair gener-
ation is heralded by the detection of one of the photons,
and its partner is routed to a single mode output—has long
been known to offer a concrete solution, with output prob-
ability tending toward unity as loss is reduced. Here, we
present a temporally multiplexed integrated single photon
source based on a silicon waveguide and a low-loss fibre
switch and loop architecture, which achieves enhancement
of the single photon output probability of 4.5± 0.5, while
retaining g(2)(0) = 0.01.

1. Introduction
Photonics is poised to play a key role in future quantum tech-
nologies, both in quantum computers and the quantum net-
works that will connect them. In the last decade, progress
in photonic quantum information processing has acceler-
ated dramatically, with historic challenges such as achiev-
ing near-unity photon purity recently being overcome1,2.
This has enabled demonstrations of quantum advantage with
photons3,4, as well as the generation of large entangled
states, with 12 photon Greenberger–Horne–Zeilinger entan-
glement5 and reconfigurable resource state generators of up
to 8 qubits demonstrated6,7. However, these demonstrations
are limited by photon generation efficiency, with the mut-
liphoton data rate proportional to Rpnηn, for a n photon sys-
tem with probability p of photon generation, transmission
η and clockspeed R. While η can be improved by classical
photonic engineering, nonlinear sources have an intrinsically
limited p, as to avoid multiphoton emission, which scales as
O(p2), and remains unchanged since the seminal quantum
photonics experiments of the 1980s8,9.

Today, there are two promising approaches to achieving
a near-deterministic single photon source. The first is based
on solid-state emitters, such as quantum dots10,11, NV-center
defects in diamond12, or single molecules13,14. To reach
p = 1, these systems must be engineered to deterministically
emit their single photons into a single guided mode. Over the
last two decades, the state of the art efficiency has risen to
p = 57% to optical fibre11 (R = 76 MHz). Emission of near-
indistinguishable photons from array of solid-state emitters
also remains challenging, as the wavelength and linewidth of

*jerad@fotonik.dtu.dk
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the emitted photons are subject to variation based on the pre-
cise arrangement of emitter’s atomic environment (for exam-
ple, a quantum dot’s shape and interaction with the surround-
ing crystal lattice). Furthermore, while emission at standard
telecommunications wavelengths has been demonstrated15,
telecom quantum dots are less mature, with purity and effi-
ciency metrics lagging behind their counterparts in the near
infra-red.

The second approach, known as photon source multiplex-
ing, uses an array of probabilistic nonlinear photon pair
sources16,17, and is the topic of this paper. Here, the prob-
ability that at least one source among the array generates a
photon pair, ph, tends to unity as the number of sources, m,
is increased. Upon pair generation, one of the photons is
detected to herald the presence of its partner, which can be
dynamically switched to a single output mode. In this way,
if any source fires, a single photon is routed to the output.
Any loss experienced by the signal photon will reduce the
photon output probability, therefore the switching network is
required to have minimal loss, with unity probability reached
with net transmission η → 1 and m→ ∞.

Fully integrated photon source multiplexing is a clear
path to scaling today’s quantum photonic integrated cir-
cuits6,7, but remains a challenge due to the lack of low-
loss high-speed switching technology on integrated quantum
photonic platforms18. Furthermore, modern proposals for
photonic quantum computing architectures19–21 utilise mul-
tiplexing extensively—conditional switching and measure-
ment are crucial to both discrete and continuous variable pro-
posed quantum computer architectures and for reaching loss-
and error-tolerant thresholds19,20,22.

Today, chip- and fibre-based multiplexing systems have
achieved enhancement factors in the 1–3 range, with m ≤ 4
sources utilised23–27, though enhancement factors of up to
28 have been realised with up to m = 40 time bins in bulk
optics, benefiting from extremely low-loss Pockels cells28

based switches. Repetition rates remain in the R = 0.5–15
MHz range23,28 across these demonstrations. These rela-
tively slow repetition rates are limited by available switch-
ing technology, while spontaneous photon generation has
been demonstrated at clockspeeds up to 10 GHz29, offer-
ing a potential increase of three orders of magnitude. In-
deed, for fully-integrated temporal multiplexing, GHz-speed
switching is a requirement in order to reduce loss and foot-
print. Achieving these high clockspeeds may be possible
with time- and wave-length division multiplexing of the
pump30, while further reductions can be achieved by mul-
tiplexing forward- and backward propagating optical modes
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Fig. 1: Experimental set up and temporal-loop multiplexing dynamics. a. Schematic of our experiment. Photon pairs are
probabilistically generated in each time bin via SFWM in a silicon waveguide. Detection of one of the pair causes the other
to be switched into a fibre loop, routing the signal photon to the output time bin and boosting the output probability. b. A
pulse train defines m single temporally independent single photon sources. c. Pulse picking scheme and switching logic for
temporal-loop multiplexing

of each nonlinear source31.
In this paper, we present a temporally multiplexed single

photon source based on a low-loss fibre switch and loop ar-
chitecture. Our resource efficient design multiplexes m = 11
temporally independent (time bin) nonlinear sources, uses a
single heralding detector, and achieves an enhancement her-
alded single photon emission of 4.5±0.5.

2. Multiplexed source
Photon pair sources can be multiplexed across any set of or-
thogonal photonic modes. For example, any combination of
spatial24,25, temporal25,26,28, or frequency30,32 modes can be
multiplexed, given the modes can be dynamically switched
with high fidelity and low loss. The loss of the mode con-
version (switching network) determines the maximum possi-
ble enhancement and maximum number of effective sources,
while the output probability is limited to the transmission
of the output photon through the switching network to its
application, ηs, known as the heralding efficiency. Since
any optical loss reduces output efficiency (as it also does
with solid-state single photon sources), a truly determinis-
tic source p = 1 is infeasible. However, loss-tolerant bounds
for quantum computing and repeater protocols exists in the
> 90% range19,20,33.

Logarithmic tree structures provide the optimum enhance-
ment for a given per-pass switching loss, with each photon
traversing the (lossy) switch dlog2(m)e times34. These can
be implemented in space with a physical logarithimic tree
structure, or with log2(m) delay lines with delays of length
2nτ . However, these topologies require O(m) switches and
detectors, and thus inflate system size and cost dramatically,
and feature increased propagation loss in routing. Our tem-
poral, loop-based architecture16,28, instead only requires a
single switch and detector, at the expense that the photons
will instead traverse the switch (m+1)/2 times on average,
and achieves similar performance for small numbers of bins.

In this work, we multiplex m = 11 temporally distinct
sources within an output clock cycle, with photons gener-
ated by spontaneous four-wave mixing (SFWM) in a 1.2 cm
long silicon waveguide (Fig. 1). Here, bright pump pulses
from a pulsed laser (1586 nm, 1 ps pulse duration, Calmar),
are filtered with square-shaped WDM filters (0.44 nm, Op-

neti), before being injected into the waveguide via a grating
coupler35. Pairs of photons in the pump are then converted
into pairs of photons at energy-conserving wavelengths sym-
metrically around the pump by the χ(3) nonlinearity of the
silicon waveguide. The light is then extracted and the pump
removed with further WDM filters at 1591.26 and 1581.18
nm, defining the herald and single photon output channels
respectively, before detection in superconducting nanowire
single photon detectors (SNSPDs, Quantum Opus), whose
output is processed by a time-tagger (qutools quTAG) to re-
cover photon rate and arrival time data. The switch is an
unpolarised, 1 MHz rate, 2×2 fibre optical switch (Photon-
wares NanoSpeed, proprietary), featuring an 8 ns rise/fall
time, sub-20 dB cross talk, and an 80 ns short pulse capa-
bility. A high-voltage electrical driving system (5 V trigger)
is also supplied.

To define a variable number of time-bins for multiplex-
ing, pulses are picked from the 16 MHz repetition rate laser
using a variable optical attenuator (VOA). Here, m pulses,
spaced by τ = 125 ns, are selected in a 2 µs window, reduc-
ing the effective repetition rate to 8 MHz. This defines the
output clock rate of the multiplexed source, R = 500 kHz,
as well as the switch fibre loop length, which must delay the
photons by τ per round trip (25 m fibre). The switch and
spliced fibre loop have a measured loss of 1 dB per round
trip, which combined with the source output loss determines
a maximum photon probability enhancement of 4.5, which is
achieved in the limit of low base pair generation probability,
i.e. average photon number µ ≈ p≈ 0.01.

An FPGA state machine, which is clocked by the laser,
controls both the multiplexing detect-switch-release logic, as
well as generating the the pulse picking signal. A fibre delay
of δ = 200 ns is included in the signal path before the fibre
switch to compensate for the time taken to route the herald-
ing photon to the detector and the resulting electronic signal
back to the FPGA, which responds by activating the switch
on the same clock cycle.

While the switch’s speed determines the output clock-
speed, R, the pulse response time of the switch determines
the minimum size for individual time bins, i.e. halving the
pulse response time would allow twice as many time bins,
m, to be utilised for the same R. Meanwhile, the loss in
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Fig. 2: Photon probability enhancement by temporal-loop
multiplexing. a. Heralded photon probability and rate in-
crease with the number of multiplexed sources (time bins).
The contribution from each source decreases exponentially
as photons in the mth time bin must traverse the switch m
times, with−1 dB (79%) transmission per trip. b. The prob-
ability and rate of detecting herald photons increases with
number of multiplexed sources. Solid lines are a calibrated
numerical model28, using independently measured loss and
brightness parameters.

the switch determines the maximum attainable enhancement
of the heralded single photon probability, with increased
the number of bins resulting in diminishing returns toward
a fixed limit corresponding to the net photon output trans-
mission ηs (Fig. 2). Our system is capable of multiplexing
up to 16 sources without sacrificing overall output clock-
speed, R, though to realise the potential of more than m = 11
bins would require a switch with increased transmission (im-
provements beyond m = 11 were insignificant). In princi-
ple, the FPGA state machine supports up to 64 multiplexed
sources, at the cost of reducing to R to 125 kHz.

2.1. Results
We calibrate our base SFWM source to emit with a mean
photon number of µ =CR/(ShSs) = 0.009 using the coinci-
dence (C) to singles (S) ratio in the low power limit, where
g(2)(0) ≈ µ and find the single photon transmissions ηs =
0.113, ηh = 0.145, including one pass through the switch and
loop for the signal photon. This low power is required to sup-
press multiphoton noise below 1%—required both for this
calibration and for scalable quantum photonic protocols—
and furthermore enables us to measure maximum attainable
enhancement of the single photon probability.

We measure the singles and coincidence rate for m =
{1, . . . ,11} bins and observe the contribution of each tem-
porally independent photon pair source. The contribution

of each bin diminishes logarithmically, as photons gener-
ated in bin k must traverse the switch k times and the loop
k− 1 times. Using m = 11 multiplexed time bin sources,
we achieve an enhancement, E, of 4.5± 0.5, of the her-
alded photon detection probability from p ·ηsηh = 0.00014
to pm = 0.00063 = E p ·ηsηh. Here, p ≈ µ = 0.009 is the
base generation probability in the source. We also match
this with a model using our measured loss and brightness
parameters for m = {1, . . . ,11} time bins28 (Fig. 2).

For a mean photon number µ = 0.18, as used in ref. 28,
our model predicts an output probability of pm = 1.4%, with
an enhancement of 3.8 at m= 11 bins—though here the mul-
tiphoton emission rate is unacceptably high for most quan-
tum applications. Because we multiplex the first-generated
photon pair, increasing µ results in higher probability that
photon pairs are generated in earlier time bins, where the
output photon experiences more loss, reducing the relative
enhancement.

Due to imperfect matching between the photon storage
loop and the laser repetition period, ∆τ = 1.7 ns, the out-
put photons, which have a coherence length Tc ≈ 5 ps, are
temporally distinguishable if they were generated in differ-
ent time bins. However, our simple and inexpensive design
lends itself to quantum key distribution systems where pho-
ton indistinguishability is not required, but increasing pho-
ton probability boosts secret key rate. Finally, our system
comprises entirely of guided-mode optics, and is therefore
stable and miniaturisable with appropriate packaging of the
photonic integrated circuit. Thanks to this, the system is
also modular. For example, a high spectral purity fibre- or
waveguide-based source2,36, or more efficient switch, could
be swapped in to the system.

2.2. Outlook
Our device’s output clock speed, R, is limited to 500 kHz by
its driving electronics (Photonwares). However, with spon-
taneous photon sources supporting up to at least R = 10
GHz29, up to three orders of magnitude improvement in pho-
ton rate is possible. Future work, using an integrated switch,
such as low-loss thin-film lithium niobate (TFLN)37 will en-
able on-chip photon routing at potentially at tens of GHz
switching speeds with CMOS compatible voltages38, en-
abling multiplexing within the recovery time of commercial
SNSPDs. Here, increasing the clock speed R, reduces prop-
agation losses, and decreases effective switch loss, resulting
in higher attainable output efficiencies. Furthermore, group
delay can be precisely calculated and accounted for with
fine-tuning achieved via temperature stabilisation, for indis-
tinguishable photon generation. Hybrid silicon/TFLN inte-
grated photonics39, achieved via wafer bonding techniques,
should enable photon sources and multiplexing switch net-
works to be fabricated on a single chip, enabling orders of
magnitude improvements in efficiency and rate.

The heralded photon probability is held back by our
system’s relatively low heralding efficiency, and moderate
switch loss. On-chip propagation and grating coupler losses
comprise the bulk of the loss (around −6 dB), with the re-
maining loss occurring in the filters (−0.6 dB), detectors
(−1 dB), and fibre connections (around −0.8 dB), result-
ing in net transmissions (including detection) of ηh = 0.145,
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ηs = 0.113, including one pass through the switch for the
signal photon. This results in a base heralded photon out-
put rate of Xb = Rpηsηh = 69±7 Hz, which is increased to
Xm = 312±7 Hz when m = 11 time bins are multiplexed.

In our system, a zero-loss switch would yield pm = η ′s,
Xm = 71.5 kHz as m→ ∞ where η ′s = 0.143 is the transmis-
sion of the filtered photon without the switch. Here, any in-
crease in R, limited by the switch, provides a factor increase
in multiplexed output rate Xm. Decreasing the chip coupling
losses, for example by utilising modern, sub-dB grating cou-
plers would enable this system to achieve heralding efficien-
cies of greater than η ′s = 0.6 to the output fibre, which gives
an upper bound of multiplexed source output probability for
a lossless switch, pm = η ′s, Xm = 300 kHz.

3. Conclusion
Efficient single photon sources are a key challenge in today’s
proposed photonic quantum computer architectures19,21 and
quantum networks20,40, which utilise feed-forward and dy-
namic quantum circuits as a core feature. In this work
we have boosted the heralded photon emission of a silicon
waveguide photon pair source by dynamically detecting and
routing photon pairs generated in up to 11 multiplexed time
bins. Our system achieved a factor 4.5± 0.5 enhancement
of the base probability rate, with negligible change to the
g(2)(0) = 0.01. This work demonstrates the increased ef-
ficiency of multiplexed quantum photonic hardware via a
compact, guided-mode approach, on the path to developing
future fully-integrated devices for large-scale quantum tech-
nology.
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