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Abstract We present a scheme to produce clock-syn-
chronized photons from a single parametric downconver-
sion source with a binary division strategy. The time
difference between a clock and detections of the herald
photons determines the amount of delay that must be
imposed to a photon by actively switching different tem-
poral segments, so that all photons emerge from the output
with their wavepackets temporally synchronized with the
temporal reference. The operation is performed using a
binary division configuration which minimizes the pas-
sages through switches. Finally, we extend this scheme to
the production of many synchronized photons and find
expressions for the optimal amount of correction stages as
a function of the pair generation rate and the target
coherence time. Our results show that, for the generation of
this heralded single-photon per output state at an optimized
input photon flux, the output rate of our scheme scales
essentially with the reciprocal of the target output photon
number. With current technology, rates of up to 10* syn-
chronized pairs per second could be observed with only 7
correction stages.

1 Introduction

A deterministic photon source is of great interest for
quantum information processing. While many features of
such a source can be achieved with faint pulses or atten-
uated beams, the statistics of such light sources limit their
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applications and weaken some of the strengths of quantum
information algorithms [1-3]. Efforts to engineer a prac-
tical triggered, single-photon source have led to several
different approaches, ranging from single atoms in cavities
[4, 5], nonlinear cavities [6], quantum dots in microcavities
[7] and nitrogen-vacancy centers in diamond [8]. Another
approach is to use heralded photons produced through
spontaneous parametric down-conversion (SPDC). Using
this technology, several schemes have been proposed: a
spatial multiplexing of several outputs from down-con-
version crystals and recombined with a set of electro-optic
switches was devised by Migdall et al. [9]; the temporal
multiplexing of photons produced through SPDC and
delayed on a storage loop was studied by Pittman et al.
[10] using a CW source, and by Kwiat’s group with a
pulsed source [11]; a pulsed scheme based on multiplexing
outputs of four down-conversion crystals pumped by the
same pulsed laser to actively produce single photons was
demonstrated by Zeilinger’s group [12],

2 Proposal

The proposal presented in this work is sketched in Fig. 1. It
allows for photons to be produced with an arbitrarily high
probability synchronized with an external clock. The setup
works by using timing information in the detection of the
herald photon to modify the signal’s path so that it exits the
synchronizer at a clock tick. Recent technological devel-
opments make this scheme viable. Mainly, the increased
pair generation rate and spectral width of photons produced
by SPDC at a periodically poled nonlinear crystal
(PPNLC). Others such as the detector jitter, timing circuits
and fast fiber switches also contribute fairly to this
scheme’s viability.
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Fig. 1 General scheme for synchronizing photons. A pair of photons
is generated at a random moment by SPDC. One of these photons is
detected, and the time difference between this detection and a
synchronization clock is measured. The path of the other photon is
altered so that it arrives at the output at the precise clock time. Path

Photon pairs are generated at a PPNLC pumped by a
CW single-longitudinal-mode laser that generates collinear
SPDC. Having in mind a source of synchronized photons at
telecommunication wavelength, the down-conversion pro-
cess can be either non-degenerate or degenerate. Degen-
erate pairs at 1,550 nm are obtained by pumping with a
775-nm laser diode. Non-degenerate pairs can, for exam-
ple, be generated at 810 and 1,550 nm from a 532-nm
Nd:YAG pump laser [13]. The latter option has the
advantage of providing high detection efficiency for the
herald photons at 810 nm with Si detectors. Photons cou-
pled into fibers are spectrally filtered at each arm by a
Fabry—Perot to reach coherence times larger than the
detector jitter. Upon the detection of a herald photon,
timing correction information is generated by comparing
this time to an external clock. A fast digital circuit activates
fiber-integrated optical switches which correct the signal’s
path. This occurs while the signal photon is delayed by
means of a fixed fiber delay line. After the passage through
the programmed delay, the photon exits the fiber line at a
clock tick.

The variable optical delay uses a binary division strategy.
Itis formed by a chain of fixed delay single-mode fiber spools
of increasing lengths connected via fast optical switches, in
such a way that each of them can be bypassed through a fiber
patchcord of negligible length. The shortest delay of this
variable length chain (4¢) should be a fiber patch of half the
coherence length of the down-converted photons. All the
other links are constructed doubling the previous length,
Aty = 241, (Fig. 1). In this way, the maximum delay that
can be set with a chain of m such delays is

m—1
Atax = At Zz" = Ary(2" — 1). (1)
i=0

This binary division approach is an improvement on
previous methods [9—12], in which the passages through
switches are reduced to their minimum and total losses are
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modification is done by a series of fast fiber switches connected to a
binary division fiber network. Also, Fabry—Perot filters limit band-
width, ensuring coherence times long enough to account for time
measurement limitations
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almost the same for any time delay. Using m switches, a
total of 2™ — 1 temporal bins, or modes, can be
multiplexed into one temporal output mode. This scheme
reduces losses significantly for it is in these switching
stages where the losses are higher. Also, an all-fiber system
avoids the problems of mode matching and the need for
Gaussian relay imaging as used by Pittman et al. [10] and
the alignment of large, stable resonators [10, 11]. The
whole setup takes advantage of the large coherence lengths
that can be achieved with a CW SPDC source. There is
therefore no need for any synchronization between the
source and the timing clock.

Alternatively, this photon synchronization can be also
accomplished with a pulsed source. In this case, the spec-
tral constrain imposed on the down-converted photon pairs
by the detector jitter is transferred to a constrain in the
repetition rate. In such condition, spectral filters may not be
needed. However, the synchronization stages must be
matched within the pulse duration.

2.1 State-of-the-art optoelectronics

Current available technology determines many of the
working parameters at which such a scheme would work.
In this technical section, we discuss different available
options and how these relate to the coherence time of the
photons, and therefore the shortest delay Az, and the
maximum repetition rate fi,,x = 1/7 achievable.

Photons can only be synchronized as precisely as their
detection time can be measured. The detector jitter 7; is
mainly responsible for this limit, and it will set a minimum
Aty > 1;. Typical detectors have a timing jitter of approx-
imately 40-500 ps, depending on their active area and
timing electronics. Some standard commercial devices are
listed in [14]. Another limiting characteristic of detectors is
their dead time, which is typically ~30 ns for actively
quenched circuits. This sets the maximum repetition rate to
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at least the limit value 7 > 30 ns unless some kind of
detection multiplexing is done.

Measuring the photon detection time and acting on the
delay line in the picosecond domain is also a challenging
issue, but they do not require longer times than those set by
single-photon avalanche photodiodes. There are three
crucial steps: measurement, decision and response. One
aims at a measurement with precision in the order of the
detector jitter time, so that the measurement time does not
increase the minimum synchronization step Az, any further.
Also it would be ideal to have an overall response that is
faster than the total delay time 7 so that there is no dead
time between synchronization rounds.

The delay line’s settling time is mainly determined by
the temporal response of the fiber switches. Commercial
switches offer switching times of up to 1 ns [15]. Even
faster interferometric Mach—Zehnder type switches can be
built by using phase modulators, which are standard tele-
communication devices with operating frequencies
exceeding 40 GHz=1/25 ps. Nevertheless, switches need to
act once every 7 which is an order of magnitude larger
than these switching times.

For measurement and decision making, a couple of
options are available, each with their own advantages and
disadvantages. An FPGA-based system can measure times
down to the nanosecond scale and reach propagation
(decision) times of about 10 ns. Although they rise 4z, to
at least an order of magnitude above the detector jitter
limit, they are easy to set up and reconfigure. Another
option is using time-to-digital converters that can achieve
temporal resolutions down to 10 ps [16], but are slower
(~50 ns) in reporting the measured value. This alternative
could be reasonable in the best detector jitter condition and
if one were to need several (m = 10) correction stages.
Finally, the fastest option available is a dedicated circuit
built with fast discrete logic. Measuring and acting on the
circuit can be achieved with only a binary counter and a
latch. Typical times for fast logic devices of this type can
reach measurement times of 30 ps and overall times of 1 ns
with CML technology [17].

2.2 SPDC source and spectral width

The election of the minimum correction time Az also sets a
minimum coherence length to which photons have to be
filtered. From the above discussion and through the rest of
the paper, we choose the correction time to match the
coherence time, Aty = 2 ns as a conservative estimate to
illustrate what follows. This election implies the need of
photons with a spectral bandwidth of A4 ~ 4 pm. Pairs
of photons with such narrow bandwidths can be generated
even at high count rates. Parametric down-conversion
from PPNL-waveguide crystals produces photons with

bandwidths of the order of the nanometer and count rates of
about 10° s 7' mW ! [18-20]. The initial coherence lengths
can be further lengthened by spectral filtering on both beams.
Using Fabry—Perot interferometers integrated with optical
fibers and pump lasers of several tens of mW, spectral
bandwidths can be pushed to the desired limit of 4—10 pm
with count rates of 107 s ! [21, 22]. A narrow-band emission
spectrum of the pump will ensure high correlation between
the filtered down-converted photons. Also, fiber-integrated
Fabry—Perot filters allow for low loss, stability and easy
setup [23]. More relevant than the pair production per second
for an SPDC source is the pair emission flux per coherence
time. This flux is independent of the filtered bandwidth, since
narrower filtering decreases the number of photons per
second but increases their coherence time by the same factor.
Outputs of 2 x 1072 pairs per coherence time have been
reported with a PPNLC waveguide [22].

2.3 Timing

We now analyze the performance of the proposed system
in synchronizing photons. The conclusion of this section is
illustrated in Fig. 2. Under the experimental conditions
described above, and with an appropriate amount of stages,
it is possible to synchronize photons with high probability.
As a rule of thumb, this situation can be achieved when
there is a high probability of detecting a photon during the
total synchronization interval 7 and a low probability of
multiple detections within the detection time At, as it will
be discussed over a specific case below. We now describe
this concept in a formal manner.

To be able to synchronize a single photon, at least one
photon must be generated by SPCM within the synchro-
nization interval 7 = 2™ Aty and at most one photon must
be detected on each detection time Afy. The chance of
occurrence of this situation at the output P(1,7) can be
calculated using a modified version of the Mandel formula
[24, 25] that calculates the probability at the input of
having one or more photons during 7,P(>1,7), condi-
tioned to the probability of having at most one photon at
the input per minimum detection time, P( < 1, 4ty). This
leads to the following expression:

P, 7T)=P(>1,T|<1, A1)
2’7‘[
_ i 7nAt02’" nAtOz ) ( k ) ) (2)
&= k! (2'" +k—1 )
2m —1
This is the success probability for m binary

synchronization stages, at an input count rate of n and a
coherence time of Aty. The fraction of combinations
accounts for the probability of finding k single photons
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Fig. 2 Time scheme for synchronizing photons and relative proba-
bilities for a specific realistic case. The clock time A is set to match
the detector jitter time 7;. These must be below the coherence time .
of the generated photons. Probabilities are shown for A#y = 2ns, a
pair generation rate of 107 s™' and m = 7 correction stages. The
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Fig. 3 Success probability of heralding a single photon during the
whole synchronization interval 7, as a function of the input photon
rate times the detection time At,, for different amounts of synchro-
nization stages (total synchronization time is 7 = A#,2"). The dashed
line shows the probability of detecting one or more events on 7,
while the curve corresponding to non-temporal correction (m = 0)
depicts the Poisson probability of detecting one photon on that
temporal interval, which is the expected result for a coherent source

distributed in 2" temporal windows. Figure 3 shows the
dependence of the success probability P(1,7) with the
product of the input photon rate n and the detection time
Aty, for different amount of stages in the synchronization
network (m). As the total synchronization time is increased,
the system shows better success probability, reaching more
than 90 % for 8 stages and almost 99 % for 12 stages.
Furthermore, this improved success rate is obtained at
lower input photon rates (for a fixed detection time Aty) for
an increasing number of stages. Two limit conditions are
worth mentioning: for m = 0, no correction is applied and
the Poisson probability of a coherent source is recovered:
P(1, Aty) = P(1, Aty) = ndtgexp(—ndiy). On the other
hand, the dashed curve shows the probability of having at
least one photon during the synchronization interval
T :P(>1,T)=1—exp(—ndt?2™) for the particular
case of m = 12. For low input photon numbers, both
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P~ 0.87

probability of finding two photons P(2, Aty) in a clock interval is two
orders of magnitude lower than the probability P(1,4t) of finding
one photon in this same interval. During the whole synchronization
round, there is, however, a high probability P(1,7) of obtaining at
least one photon

probabilities overlap, but as the photon number (or the
duration of the detection time) is increased, multiple events
during the detection time are more likely to happen; hence,
P(1,T) decreases.

The peak on these curves indicates that the trade-off
between a high input rate and single-photon detections is
still present, but the time correction scheme allows to
increase the probability of detecting a single photon
while maintaining a low ratio of single-photon to multi-
ple-photon events. In order to see this feature more
clearly, we can compute the signal-to-noise ratio of our
source:

P P(1,7T)

which quantifies the ratio of single events to multiple,
unwanted events. For a coherent source, the probability of
detecting a single photon is ¢~ ', obtained for nArfy = 1.
This condition gives a SNR of & 1.39, which limits the use
of such a source as a single-photon one. One can improve
the quality of the non-vacuum states produced, at the
expense of reducing the success probability. This is the
idea behind faint light pulses as an approximation of a
single-photon source: for a mean photon number ndfy =
0.1, the probability of detecting a single photon decreases
to 0.09, but now, the SNR rises to 19.3.

Following the work of Mazzarella et al. [26], in order to
compare the output quality of this scheme for different
configurations, we calculate a SNR-optimized probability;
that is, the maximum single-photon probability that can be
obtained for a given threshold SNR, o:

Pi(0) =

max P(1,7). (4)

nAty,SNR > o

Figure 4 shows the optimized probability for different
correction lengths, as a function of the minimum guaranteed
SNR. Increasing the number of correction stages produces
not only an increase in the success probability, but also
allows this probability to be sustained for large SNR values.
Again, m = 0 recovers the results for a faint coherent pulse
source.
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Fig. 4 Probability of detecting a single photon, as a function of a
guaranteed signal-to-noise ratio for different amount of synchroniza-
tion stages
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Fig. 5 Photon routing box for multiphoton events. By adding an
extra routing stage with delays 2(u — 1)412™, one can have p
synchronized photons. This is done at the expense of decreasing the
synchronization rate only linearly with u

2.4 Scalability

A photon synchronizer as presented can be used to generate
a state of single photons on multiple outputs: instead of
having many synchronizers, one can time multiplex a
single one using a multiple-output fiber switch and optical
delay lines. Figure 5 shows a general scheme for the
implementation of such multiphoton synchronization: To
produce a state with u photons, the switch alternates the
output between p output ports connected to fibers setting a
delay [0,1,...,]422™. Naturally, the generation rate is
also reduced by a factor 1/u. It is worth to note that the
output state is not a multiphoton Fock state with y photons
in a single mode, but rather a state where u single, syn-
chronized photons at u outputs are obtained.

It is interesting to calculate the final amount of syn-
chronized photons for such a scheme. This will depend on
the uth power of the single-photon synchronization prob-
ability derived before. It must also be normalized by
dividing it by the highest synchronization frequency that
can be reached, that is fi.x = (uAtOZ’”)_l. Also, to calcu-
late real observable count rates, one must account for

losses at each synchronizing stage Ny, general losses Mgn
and the efficiency of the herald photon detector ng... The
full expression for the number of synchronized photons
then reads

P,T
w= M”stgndetngnl' (5)

uAt2™

The main source of losses on the synchronized side are
the optical switches, which, in the best devices available,
have attenuation factors of 1.2 dB, considering insertion
losses and splicing. The distributed loss within the fiber is
an order of magnitude below considering 0.5 dB/km for a
telecommunication fiber. Detector efficiency for InGaAs
avalanche photon counting diodes reaches 25 % in the
1,550-nm range [27]. Higher detection efficiency can be
obtained with superconducting edge single-photon
counters, but their timing performance is not as good so
the above considerations should be rescaled. Also very
recently, a new type of superconducting single-photon
detector based on a traveling-wave geometry that
maximizes the photon—detector interaction length was
developed; this allows for both high-speed and high-
efficiency  single-photon  detection, with  on-chip
efficiencies reaching 90 % and timing jitter as low as
18 ps at telecommunication wavelengths [28]. Although
these detectors may improve the overall predicted
performance of the present proposal—and emerge as a
major breakthrough for scalable quantum computation in
general—we restrict the analysis to commercially available
technology.

Figure 6 plots the output rate for synchronized 2-pho-
ton and 4-photon states (u = 2 and u = 4, respectively),
both for the ideal and the lossy case. For the lossy case,
we assume the efficiencies mentioned above. For a small
amount of stages, the synchronized pair production is low
because the probability of having a photon pair in the
interval 7 scales as o nAdty. Noticeably, for a given
coherence time, the initial photon pair rate also imposes a
limit on the amount of correcting stages that can be piled
up for optimum synchronization. Once this condition is
reached, further addition of correcting stages only
increases the whole cycle time and therefore will lower
the throughput of the system by limiting the synchroni-
zation rate f.x. Also, there is also a limit imposed by
multiple event detections on the herald side: For high
enough input rates, the rate of multiple detections per
minimum detection time dominates the scenario, as
shown in Fig. 3, and the scheme looses efficiency.
However, as more correcting stages are piled up, the
optimum input rate decreases; there is a trade-off between
the initial photon rate and the amount of correcting stages
needed to maximize the synchronizer throughput, and
indeed, a low brightness source can have better
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performance than a brighter one, with the inclusion of
more correcting stages.

Surprisingly, the optimum number of stages shows
strong dependence on the mean input photon rate, and the
amount of correcting stages, but only increases slightly
with the desired output p-photon state, as can be seen by
following the shift of the peak of the curves in Fig. 6. For
example, for an input photon rate of 10’ s' and
Aty = 2 ns, the optimum amount of stages is between 6 and
7 for all the studied cases (u = 0 to u = 14).

From the point of view of output repetition rate, it seems
always convenient to have higher input brightness,
although this is currently limited, not by the sources but
mainly by maximum detector counts. Current technology
allows for counting at 10’ s~' with actively quenched
avalanche photon counting diodes. Improvements in elec-
tronics and multiplexed detection technologies could
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Fig. 6 Synchronized multiple photons for m correcting stages and
different pair generation rates, assuming a minimum correction time
of Aty =2 ns. Top pane shows output rates for 2-photon states
(u = 2) and bottom pane rates for 4-photon states (u = 4). The solid
color curves are for the ideal zero-loss case, while the light colored
curves with smaller symbols account for all losses as mentioned in the
main text. Dots show values for different number of stages; lines
connecting dots are present for clarity and visual aid
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increase this value a couple of orders of magnitude. We see
that in the present configuration, this difficulty can be
hurdled by adding more correcting stages. This would
significantly benefit this scheme by increasing the output
rate proportionally. As stated by Eq. (2), it has to be kept in
mind that in order to avoid overlap between multiple
photons, the photon rate per clock time Az, has to be kept
low, that is, ensuring that the multiple photon occurrence is
at least an order of magnitude lower than a single detection.

The incidence of multiple pair emission in a CW SPDC,
which ultimately limits the coherence visibility, is expected
to be at least an order of magnitude lower than in a pulsed
scheme, since the pair production probability is propor-
tional to the instantaneous power of the pump source times
the pulse duration/detection window [29]. The effect of
higher photon number states on the visibility of two-photon
interference was studied by Scarani et al. [30] and by
others [31, 32], and the relevant parameter turns out to be
the probability of creating a photon pair within the spectral
range defined by the filters, per time resolution of the
detector. Quoting reference [30]: “for a fixed detection rate
we shall find a given visibility, no mater whether the rate
was obtained by pumping weakly and putting no filters, or
by pumping strongly and putting narrow filters”; spectral
filtering does not degrade the visibility. For a probability of
creating a pair during the detector resolution window
within the filtered spectral range of 2 x 1072 (see below),
the expected visibility is of the order of 0.95 [30]. This
effect can nevertheless be further reduced, implementing a
number-resolving setup with two or more detectors at the
herald side, as studied in [11].

We consider a specific case, using low-jitter detectors and
matching the coherence length to this detector jitter as
described above and illustrated in Fig. 2. In this way, we
analyze the use of 4-pm spectral filters at 1,550 nm. The
coherence time is of the order of the 2 ns, which is com-
fortably above the maximum detector jitter and electronic
timings, so the clock time can be closely matched to this
coherence time. In such a situation and with a maximum
input photon rate of 10’ s™', a mean number of 2 x 1072
photons per clock time Az, are detected. That gives a prob-
ability of 2 x 10~* of having more than one photon within a
single detection window. Similar experimental conditions
have been reported by Halder et al. [22]. The total correction
time 7 depends on the amount of stacked binary stages,
T = 2™ Aty. For m = 7, the total correction time is 128 4¢,
and the probability of detecting at least one event during that
time is 0.87 for the assumed input photon rate.

In summary, a short temporal detection window with a
continuous-wave source gives a low probability to detect
more than one photon per clock time (like in a non-deter-
ministic single-photon source). The chain of multiple cor-
rection stages leads to a high probability that a photon is
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temporally re-routed and time-corrected within the total
temporal correction window. This sequence is repeated
every 7 = 1/f.

3 Discussion

This temporally multiplexed setup allows to approximate a
deterministic single-photon source. For example, with 8
correcting stages and an input rate of 2 x 10° pairs/s, there
is a 92 % chance of obtaining a single photon every clock
pulse, while multiple photon occurrence probability is
below 5 %. On the other hand, pushing the downconversion
source to the detector count rate limit, 10’ pairs/s, the
optimum amount of stages to obtain two photons turns out
to be 6. In such a situation, the loss due to the switching
stages and the detector efficiencies—now the whole set of
detectors at the output has to be taken into account—Ileads
to arate of 1.7 x 10* pairs/s. Multiphoton count rates for 4,
6 and 8 synchronized photons obtained are 179, 3.7 and
0.09 s~', respectively. The present proposal involves a
mechanically simple and robust setup that uses a low-power
pump laser, plus an almost 100 % fiber-coupled system.
This multiple-output state of single, synchronized photons
allows for a straightforward implementation of a multiple-
qubit quantum register. The method we present here has a
generation rate which (excluding detector efficiencies,
which are present in any method) scales mainly inversely
proportional to the number of photons to be synchronized,
while the contribution of the exponential dependence on the
photon number (5) is much weaker than in u photon down-
conversion, which is the current method used to produce
multiple photon states. This is a crucial issue in building
scalable devices for quantum information processing.
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