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Resource efficient single photon source based on
active frequency multiplexing
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We propose a new, to the best of our knowledge, single
photon source based on the principle of active multiplexing of heralded single photons, which, unlike previously
reported architecture, requires a limited amount of physical resources. We discuss both its feasibility and the purity
and indistinguishability of single photons as a function of
the key parameters of a possible implementation. © 2021
Optical Society of America
https://doi.org/10.1364/OL.428148

Single photon sources are an essential building block for optical
quantum processing and communications. Features that are
associated to the high quality of a single photon source are their
purity, i.e., the ability for the source to emit on demand one and
only one photon; their indistinguishably, i.e., how identical to
each other are photons consecutively emitted; the possibility
to make many identical sources; and the practicality (compactness, cost, aging, operating temperature, etc.). Many other
features are important but do not make for an absolute good or
bad source such as the duration/linewidth of the photon wave
packet, its temporal/spectral shape, its polarization, its spatial
profile, and the confinement in a single mode waveguide.
While single photon sources based on single emitters are
being improved regularly, these sources remain intrinsically limited in term of tunability. Heralded photons [1] [see Fig. 1(a)]
originating from parametric sources of photon pairs are often
used in place of such deterministic sources because they typically
offer good indistinguishably and spectral-temporal properties
that can be tailored to a large extend. Their intrinsically limited
purity (less than 25% [2]) can be enhanced via an architecture
known as active multiplexing [3–9]. A spatial implementation
of that principle is illustrated in Fig. 1(b). It relies on a large
number N of heralded sources. Individually, each heralded
MUX
source is characterized by the trigger probability p trig
and the
probability p single for the heralded state to be a single photon.
The probability that at least one among the N sources emits a
single photon is
MUX
)
p 1 = p single 1 − (1 − p trig

N

.

(1)
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MUX
So, even for moderate values of p trig
, a large enough N brings
asymptotically to 1 the second factor. However, this can be
resource demanding, with values of N in the hundreds required.
In addition, the losses usually scale with N. For instance, in a
spatial implementation using a tree of N × 1 routing element,
the losses are proportional to log2 (N). Even if this scaling can be
slightly improved using clever logic [10], the losses of the active
routing element remain an important limitation.

Fig. 1. (a) Heralded source of the single photon. (b) Principle of
active multiplexing of heralded single photons (implemented in the
spatial domain). In the presented figure, two photons are heralded
(black arrows) and distributed (green arrows) while other channels are
empty (light lines). The logic reconfigures the router to exit only one
heralded photon. (c) Principle of a frequency heralded source of single
photon: the trigger out indicates not only the detection of a photon but
also its wavelength. (d) Principle of active multiplexing of frequency
heralded single photons. The frequency shifter is implemented using a
frequency tunable wave mixing process.
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It has been recently reported [11] that the unfavourable
scaling with N could be avoided in a frequency multiplexing
implementation by using a frequency heralded photon source
as Fig. 1(c). This replaces the multitude of distinct sources
in Fig. 1(b) by a multitude of frequency bins within a unique
source. Figure 1(d) shows how this source can be combined
with a frequency shifter to perform the same task as the N × 1
routing element in the spatial implementation. In [11] the
number of single photon detectors is equal to N as in the case
of the spatial implementation illustrated in Fig. 1(c), and the
frequency shifter is made of N lasers at N different wavelengths,
one of which is fired upon the detection of the heralding single photon. This first demonstration was implemented with
N = 3. This small number was chosen because the architecture
is demanding in terms of physical resources but was too small to
reach a high probability of success p 1 . While the demonstration
was a success, the scaling of the architecture to N on the order of
tens or hundreds seemed challenging. Lastly, systems [9,12,13]
involving electro-optical modulation also show promise for
frequency active multiplexing but face difficulties for large N.
Here we present an architecture in which the number of
lasers and single photon detectors does not scale with N. In
fact, the active resources can be reduced to one laser and one
single photon detector. The principle of the new architecture
is depicted in Fig. 2. A starting event at tref triggers both an
excitation pulse that will subsequently generate photon pairs
and a pump pulse that will subsequently be used for frequency
conversion of the single photon.
√ The excitation√pulse of frequency ωe and duration 1te / 2 (the factor 1/ 2 is inserted
for future convenience) generates a frequency correlated photon pair through spontaneous parametric downconversion
(SpDC). The two photons are separated. The heralding (or

Fig. 2. Proposed scheme for the on-demand generation of single
photons. Insets represent the spectral-temporal profile (a) of the excitation pulse, (b)–(d) of the bi-photon wave function, (e) of the output
photon, and (I)–(IV) of the pump pulse at the corresponding locations.
In an illustrative example event, two pairs of photons are created. The
one created at a frequency shift of δω1 is detected via the detection
of its Stokes photon at a timing t1 . A macroscopic pump pulse at a
correlated wavelength is created via the synchronous carving into a
broadband chirped pulse. The other pair remains undetected. Sum
frequency generation between the heralded photon at ωe /2 − δω1 and
the optical pulse at ω p + δω1 results in a single photon at the frequency
ω p + ωe /2 whose spectral-temporal profile is given by (e).
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idler) photon passes through a dispersive element and is then
detected by a single photon detector. The detection time t1 of
the heralding photon is related to its frequency ωe /2 + δω1
through the group velocity dispersion (GVD) of the dispersive
element and, therefore, also to the frequency ωe /2 − δω1 of the
heralded (or signal) photon. Simultaneously, the pump pulse
of center frequency ω p passes through a dispersive element
with identical GVD. The signal generated at time t1 is used to
carve a short piece of the dispersed pump pulse at a time equal to
t1 + tdelay . By adjusting the delay tdelay , one can ensure that the
carved pump pulse has frequency ω p + δω1 . The carved pump
pulse then passes through a dispersive element with opposite
GVD so that the time of arrival of the carved pump pulse is
now independent of its frequency. Sum frequency generation
between the heralded photon and the carved pump pulse results
in a single photon at frequency ω p + ωe /2. The reader familiar
with the subject will understand that there is a parallel between
our method for selecting a pump pulse of frequency ω p + δω1
and the chirped pulse amplification [14] (Nobel Prize 2018).
Note that the excitation pulse and the pump pulse could be
produced by the same pulsed laser. Note also that no fast logic is
required, as the time of detection t1 is directly used, through the
use of dispersive elements with identical GVD, to select a pump
pulse with the correct frequency. The detector deadtime ensures
that another photon arriving at t2 later than t1 does not trigger
another frequency conversion while its partner is easily filtered
out at the output.
The purity of active multiplexed sources, i.e., the ability to
emit on-demand one and only one photon, has been studied in
[6]. Under the assumptions of [6] (whose notation we copy),
the purity is determined by four parameters: the number N
of modes in which photon pairs are produced, the degree of
squeezing |ξ |2 (assumed constant for all modes), the global collection efficiency on the idler arm ηi , which accounts for source
and propagation losses as well as for the non unit efficiency of
the heralding detector, and the overall transmission efficiency on
the signal arm ηs which accounts for the source brightness and
propagation losses. We assume in what follows a threshold single
photon detector, i.e., a detector that only differentiates between
vacuum and one or more photons.
The probability per clock cycle that at least one idler photon is
detected [the second term in Eq. (1)] is given by Eq. (12) in [6]:

N
1 − |ξ |2
2
MUX
2
p trig (|ξ | , ηi , N) = 1 −
≈ 1 − e −Nηi |ξ | ,
1 − (1 − ηi )|ξ |2
(2)
where in the second line we have given an approximate expression valid for large N and small ηi . The probability that the
signal contains a single photon conditional on an idler photon
being detected [the first factor in Eq. (1), denoted p single ] is given
by Eq. (5) in [6]. The expression for p single is complicated, but
we note that for large ηs it has the following properties: it is
maximum and equal to ηs when |ξ |2 = 0, decreases with |ξ |2 ,
and equals 0 when |ξ |2 = 1.
The purity, i.e., the probability per clock cycle that a heralded
single photon is emitted, is given by Eq. (1) (Eq. (13) in [6]).
MUX
From this expression and the properties of p single and p trig
, it
follows that in order to have large purity one needs ηs as close
to 1 as possible (low losses in the signal arm), low value of |ξ |2
(i.e., low probability of producing a pair in a single mode), and
MUX
large value of p trig
. To achieve the latter, one can tolerate large
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losses in the idler arm and small |ξ |2 , provided these are compensated by a sufficiently large value of N. An essential feature
of the present proposal, already emphasized above, is that the
losses (1 − ηs ) in the signal channel do not scale with N (and
can be kept very low). The number N of frequency bins is upper
bounded by the GVD of the dispersive element (denoted G)
times the bandwidth 1 (in rad/s, i.e., angular frequency) of
the signal and idler photons divided by the time jitter δtd of the
single photon detector:
N≤

G1
.
δtd

(3)

It is also upper bounded by the bandwidth of the excitation
pulse,
1te
N ' 1 √ .
2

Table 1. Characteristic of Some Frequency
a
Conversion Experiments
Nonlinear systems
SFG in PPLN crystal [21]
SFG in PPLN planar-wg [25]
FWM in optical fiber [26]

The bandwidth 1 is either the bandwidth of the SpDC or
the acceptance bandwidth of the dispersive element, whichever
is smaller. Given Eqs. (2) and (3), it follows that the product
G times 1 times the collection efficiency (1 minus losses)
of the dispersive element is a critical parameter that must be
as large as possible. In this regard, a dispersion compensation
(DC) module (based on chirped fiber Bragg gratings) seems
to be the best choice. In what follows we take the parameters
of a commercially available DC module [15]: G = 8000 ps2 ,
bandwidth = 1 = 2π ∗ 1 THz, losses = 3 dB. As this bandwidth is less than the bandwidth that can be reached with SpDC
(which can exceed 2π ∗ 10 THz [16–18]), we can suppose that
the full bandwidth is used and that the degree of squeezing |ξ |2
is constant over the bandwidth.
The time jitter δtd of single photon detectors ranges from as
low as 10 ps for commercially available superconducting detector to 100 s of picoseconds for single photon silicon avalanche
photodiodes, while efficiency ranges from 20 to 90%. Assuming
δtd = 10 ps, we find from Eq. (3) that N ≤ 5000. It is this large
value, easily accessible with current technology, that makes
active heralding based on frequency mutliplexing so appealing.
The sum frequency generation is realized between the signal
photon and the carved pump pulse. This can be realized via sum
frequency generation [19] in a χ (2) material or via Bragg scattering four-wave mixing in a χ (3) material. In both cases, frequency
conversion that is both noiseless and has near unit probability of
success has been reported [20,21]. Table 1 presents the efficiency
and bandwidth reported in some recent experiments. These do
not yet match the requirements of the present proposal, but the
field is evolving at a fast pace, in particular with the development
of nanophotonic χ (2) waveguides [22–24].
We now consider the wave function of the signal photon, and
the amplitude of the carved pump pulse. After SpDC, the wave
function of the signal and idler photons, assuming that a single
pair is produced, is (up to normalization, which we omit in all
expressions below)
Z
Z
E ω
E
2
2 1te ωs
s
+ ωd
− ωd ,
|ψisi =
dωd dωs −(ωs −ωe ) 2
2
i 2
s
1
(5)
where we have assumed that the excitation pulse has a Gaussian
shape. When the idler photon passes through the dispersive
2G
ωs
element, its wave function is multiplied by e i( 2 +ωd −ωe /2) 2 .

BW
20 GHz
0.6 THz
1.2 THz

a
SFG, sum-frequency generation; FWM, four-wave mixing; η, experimentally reported ratio of upconverted to incident photons fluxes; BW,
(−1 dB)-conversion bandwidth specified for a fixed pump wavelength in the
case of SFG and with the second pump tunable in the case of FWM.

Hence, after the detection of the idler photon at time t1 , the
wave function of the signal photon is
ψs (t) = e

(4)

η
93%
0.1%
>80%

2
(t−t1 )2
ω (t+t )
− t 2
−i e 2 1
21te −i 2G

e

e

,

(6)

where t is related to the position along the propagation direction by t = z/v with v the propagation velocity. The signal
photon wave
√ function, thus, has a wave packet of duration
1ts = 1te / 2, frequency ωe /2 − t1 /G, and chirp 1/G. (Note
that here and below by duration of a wave function or classical pulse we mean the standard deviation of t, and by spectral
width the standard deviation of ω. As a consequence we have
1t1ω ≥ 1/2 with the inequality saturated for unchirped
Gaussian wave packets).
The signal generated at time t1 is used to carve into a Gaussian
shape (with duration τ ) a short piece of the dispersed pump
pulse. The complex amplitude of the pump pulse, after carving
but before passing through the second dispersive element, is
t2

A pump (t) = Ae −iω p t e −i 2G e

−

(t−t1 )2
2τ 2

,

(7)

and after passing through the second dispersive element is
A 0pump (t) =

Ae



2 2
t
−i ω p + G1 t − t τ2 i t 2
2G
2G

e

e

(8)

.

The pump pulse A 0pump (t), therefore, has duration 1tpump =
q
√
2
G/ 2τ and spectral width 1ωpump = 12 ( Gτ 2 + τ12 ), and
it is centered on the frequency ω p + t1 /G. The two terms in
1ωpump come from two contributions: (1) carving the pump
pulse √
selects a piece of the pump with spectral width equal
to τ/ 2G; and (2) carving a pulse
√ of−1duration τ implies an
intrinsic spectral width given by (τ 2) .
The wave function of the converted single photon ψh can
be estimated as the product of the signal wave function and the
pump amplitude:


ψh (t) ' ψs (t)A 0pump (t) = e

−

1 + τ2
1te2 G 2



t2
2

e −i (

ωe
2 +ω p t −iϕ(t1 )

)e

.
(9)
We see that, except for the unimportant phase ϕ(t1 ), the
wave function of the heralded photon is independent of t1
and its center frequency is ω2e + ω p . Note that the chirps
have canceled and the heralded photon is Fourier transform
limited with duration q
1th and spectral width 1ωh given by
1ωh = 1/(21th ) = 21 1t1 2 + Gτ 2 .
e
The present proposal, thus, requires frequency conversion
of a single photon using a pulsed pump. Work on frequency
conversion has so far focused on quasi-CW pumps. Indeed a
2
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pulsed pump can result in lower conversion efficiency when its
instantaneous intensity varies on the scale of the single photon’s
coherence time. In order to circumvent this difficulty, as the
nonlinear wave mixing is an instantaneous process, the intensity
of the pump should be approximately constant for the entire
duration of the single photon [27]. To this end, we choose the
duration of the pump pulse much longer than
√ the duration
√
of the signal wave function: 1tpump = G/ 2τ  1te / 2;
hence,
1te 

G
.
τ

(10)

We now consider the indistinguishability of the heralded
photon that is affected by the jitter δtd of the single photon detector. Indeed this jitter results in an uncertainty
on the frequency of the pump pulse, which we can write
as ω p + δω1 ± δtd /G. Therefore, the frequency of the
heralded photon, after sum frequency generation, will be
ω p + ωe /2 ± δtd /G.
This classical noise on the frequency of the heralded photon should be compared to the intrinsic spectral width of the
heralded photon. Indeed, the effect of δtd on the indistinguishability is determined by the spectral width 1ωh of the heralded
photon. We can estimate the effect of the jitter by writing the
heralded photon wave function as
ψh (t; td ) ' e

2


− t 2 −i ωe +ω + td t
p G
21t
2
h

e

,

(11)

where td is the jitter induced by the detector. The corresponding
quantum state is denoted |ψRh (td )i, and the density matrix of the
heralded photons is ρh = dtd P (td )|ψh (td )ihψh (td )|, where
P (td ) is a Gaussian of width δtd . The visibility of the dip in a
Hong-Ou-Mandel (HOM) experiment is computed to be
V = Tr

ρh2



2δtd2 1th2
= 1+
G2


− 12
.

(12)

As example of experimental parameters, we consider the DC
module described above. We suppose that the jitter δtd = 10 ps
and that the carved pump pulse has duration τ = 10 ps. (The
pump pulse itself is much shorter so that its spectrum covers
the whole bandwidth 1 of the DC module). The duration
of the pump pulse after carving and recompression is then
1tpump = √G2τ = 570 ps. We take an excitation pulse that is 10
times shorter so that parameter 1te = 80 ps, which ensures that
inequality Eq. (10) is satisfied. The visibility Eq. (12) will then
be higher than 99.8%. Using a short excitation pulse will result
in a number of usable frequency bins approximately given by
Eq. (4), which yields N = 500. Assuming collection efficiency
on the signal arm ηs = 0.85 and on the idler arm ηi = 0.3,
we find from Eq. (1) that the optimal squeezing parameter is
|ξ |2 = 0.031 yielding a probability per clock cycle that a single
photon is produced p 1 = 0.81.
In summary, we have proposed a method to realize active
multiplexing of heralded single photons based on frequency
multiplexing. The proposal leverages the high dimensionality of
frequency entangled photons pairs. It is economical in terms of
experimental resources, requiring two (or even a single) pulsed
lasers. The key parameter that determines the quality of the
source is the collection efficiency on the signal arm ηs . Making
ηs as large as possible will require further work on frequency
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conversion of single photons, particularly in the regime of a
pulsed and chirped pump used here.
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