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Low noise single-photon sources are a critical element for quantum technologies. We present a

heralded single-photon source with an extremely low level of residual background photons, by

implementing low-jitter detectors and electronics and a fast custom-made pulse generator

controlling an optical shutter (a LiNbO3 waveguide optical switch) on the output of the source.

This source has a second-order autocorrelation gð2Þð0Þ ¼ 0:005ð7Þ, and an output noise factor
(defined as the ratio of the number of noise photons to total photons at the source output channel)

of 0.25(1)%. These are the best performance characteristics reported to date. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4768288]

Single-photon sources play a key role in many applica-

tions such as quantum metrology,1–5 quantum information,6,7

and in the testing of the foundations of quantum mechan-

ics,8–10 so there is much interest and effort in improving the

performance of such sources.11,12

An ideal single-photon source would be one for which: a

single photon can be emitted at any arbitrary time defined by

the user, the probability of a single-photon emission at that

time is 100%, and the probability of multiple-photon emission

is 0%, subsequent photons are indistinguishable, and the repe-

tition rate is arbitrarily fast.11,12 Such a source would truly be

a “deterministic on-demand” single-photon source.

Unfortunately, deviations from these ideal characteris-

tics are always present in real-world sources, and must be

considered when using them in specific applications. The

effect and emergence of this issue are seen in the develop-

mental history of single-photon sources, while initial efforts

focused mostly on increasing rates of photon generation and

the efficiency of that generation, current improvement efforts

are more driven by the requirements of particular applica-

tions. As a result, efforts now often deal with improving

more than one characteristic simultaneously, as it is well

understood that heroic results in improving just a single

parameter are often of little practical use.11,12

To achieve fully deterministic single-photon generation,

it is natural to employ sources whose physics guarantees

deterministic single-photon emission—a key advantage over

sources that rely on inherently probabilistic generation. Such

deterministic sources could be single quantum emitters: single

atoms, ions, molecules, quantum dots, or color centers in dia-

mond. But in practice, the distinction between deterministic

and probabilistic sources often blurs due to issues such as non

unity extraction efficiency, a probabilistic loss that must be

convolved with the deterministic generation to get the actual

performance of a source. As extraction loss increases, a theo-

retically deterministic source becomes more probabilistic in

operation. This makes it clear that improving only one charac-

teristic of one portion of the source (e.g., probabilistic vs.

deterministic character of photon generation) is insufficient,

and that this characteristic of the overall source is really a

continuum.11,12

One performance measure important for many applica-

tions and one that combines several individual characteristics

is the second order autocorrelation gð2Þ, which relates the

single-photon and multi-photon rates for a source. The best-

performing single-photon sources in terms of this parameter,

and hence for a number of important applications, are heralded

single-photon sources (HSPSs),13,14 and not single-quantum-

emitter-based sources. These sources rely on photons produced

in pairs, with the detection of one photon heralding the exis-

tence of the other. While heralded sources are probabilistic,

because the creation of a photon pair is intrinsically probabilis-

tic, rather than deterministic, the ability to herald the output

photon offers significant advantage and utility.11,12 The her-

alded photon output of these sources, however, often suffers

from background photons that pollute the output and can con-

tribute to noise in a particular application. But here again, the

ability to herald the output photon can in many cases be used

to mitigate the presence of background photons in the output

channel by allowing for filtering based on temporal post-

selection of measurement events.15

There are, however, some cases where temporal post-

selection cannot be used, for example, when detectors have

low temporal resolution (as, e.g., in Ref. 16). A useful alterna-

tive is a HSPS coupled with an optical shutter that reduces the

presence of unwanted photons in the heralded channel.15,17,18

Such a combination takes this source much closer to a realm of

true single-photon sources, where, while a heralded pair source

shows the antibunching required for a single-photon source

only when conditioned on the herald photon, this source exhib-

its antibunching even when operating without regard to the

heralding.
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Here, we present the implementation of such a low-noise

HSPS with an extremely low level of background that does

not need temporal post-selection of the heralded counts. For

this reason and for many applications, it has advantages over

sources based on single quantum emitters, offering much bet-

ter performance characteristics in terms of both the multi-

photon component, characterized by gð2Þð0Þ ¼ 0:005ð7Þ, and

the noise characterized by the output noise factor (ONF),

defined as the ratio of the background photons to the total

photons counted by the two detectors,33 ONF¼ 0.25(1)% (all

uncertainties are 1-r standard deviations). Note that gð2Þð0Þ is

measured in a Hanbury-Brown Twiss (HBT) setup with two

non photon-number resolving detectors. Such measurements

with relatively low detection efficiency and/or for anti-

bunched sources allow the ratio of coincidences to the prod-

uct of the singles (often denoted by a (Ref. 19)) to be a good

measure of gð2Þð0Þ. Only one single-photon source has been

demonstrated with a comparable gð2Þð0Þ,20 but that value was

estimated after background subtraction (without which, the

result was 10� higher).

Our setup (Fig. 1) is comprised of a 532 nm continuous

wave (CW) laser that pumps a 10 mm� 1 mm� 10 mm peri-

odically poled lithium niobate (PPLN) crystal. The crystal gen-

erates photon pairs at ks ¼ 1550 nm (signal) and ki ¼ 810 nm

(idler), respectively, via non-degenerate parametric down-

conversion. The idler photon passes through an interference fil-

ter (IF) and through an iris (to reduce the source bandwidth

below 10 nm full-width-at-half-maximum (FWHM)), and then

is injected into a single-mode fiber (SMF) connected to a her-

alding detector based on a silicon-based single-photon ava-

lanche diode (SPAD). This optical configuration is similar to

previous experiments, thus the coupling efficiency of the her-

alded photon was�13%.15,21

Our SPAD is a prototype module based on a red-

enhanced SPAD22–24 designed to combine a high photon

detection efficiency of �40% in the near infrared region

with a low timing jitter of �90 ps FWHM at 810 nm, the

wavelength of the heralding photons in this experiment.

Both of these parameters have a strong impact on system

performance. A lower detection efficiency would result in

the loss of a significant number of heralding photons and,

therefore, of the corresponding heralded counterparts. On the

other hand, low timing jitter is critical to precisely discrimi-

nate the arrival time of heralded photons, thereby allowing

for effective background suppression.

The heralded signal is spectrally selected by an iris and

an IF (corresponding to a bandwidth of less than 30 nm

FWHM), and it is sent through 20 m of SMF, connected to a

commercial ultra-high-speed 2� 2 optical switch (OS) based

on a LiNbO3 integrated waveguide Mach-Zehnder interfer-

ometer.25 The OS is operated by a custom-made circuit, with

a timing jitter below 6 ps FWHM, which receives the herald-

ing signal from the heralding SPAD and triggers a custom-

made fast pulse generator (with 50 ps rise-time) for switch-

ing from channel B to channel A for a time interval T open �
few ns.

The output of our source, i.e., channel A of the optical

switch (Fig. 1), is sent to a HBT interferometer for character-

ization. The HBT interferometer consists of a 50:50 fiber

beam splitter (FBS), whose outputs are connected to two

InGaAs/InP SPADs with high detection efficiency (30% at

1550 nm), low timing jitter (160 ps FWHM), and low dark

count rate (�20 kcps).26

The outputs of the two InGaAs/InP SPADs are sent to

coincidence electronics with a time-bin resolution of 2 ps

and to a multi-channel analyzer whose output is collected by

a computer. To reduce spurious detections and to increase

the signal-to-noise ratio, the InGaAs/InP SPADs are operated

in a gated mode, i.e., they are turned on only when a herald-

ing photon is detected.

For each accepted heralding count, the custom control

circuit triggers a pulse generator that opens the OS for a cho-

sen time interval T open; a SPAD count is considered a valid

herald by the control circuit only when both the InGaAs/InP

SPADs have recovered from any previous dead times and are

ready to count an incoming photon. To lower the probability

of afterpulsing, the dead time for the two InGaAs detectors is

set to 50 ls.

To study the behavior of our source with respect to the

duration of the OS open time T open, we made measurements

at five values of T open (20 ns, 16 ns, 10 ns, 5 ns, and 2 ns). A

histogram of counts from SPAD1, gated on for 40 ns by the

heralding counts (Fig. 2), shows three distinct features: one

due to true heralded photon counts, one due to background,

and stray light photons emitted while the OS is open, and

another due to detector dark counts.

Among the possible figures of merit11,12,27,28 that can be

used for source characterization, the ONF introduced in

Ref. 15 and the gð2Þð0Þ are the most appropriate for the

source here with its extremely low noise level and its low

multiphoton content.

In Fig. 3(a), we see that the ONF decreases linearly with

decreasing T open, a direct consequence of fewer background

photons emitted as the OS is open for less time. The minimum

ONF value achieved with this current setup, at T open ¼ 2 ns,

is 0.25(1)% (almost six times lower than the 1.4% reported in

Ref. 15), showing the great improvement achieved with the

use of low-jitter SPADs and fast electronics.34

The same linear dependence with T open is seen for

gð2Þð0Þ, in Fig. 3(b): in this case, the lowest measured valueFIG. 1. Experimental setup.
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is 0.005(7). This is the lowest ever obtained for a single-

photon source. We compare it with the previous best

achievements for single-photon sources that are not based on

postselection (i.e., heralding),12 for example, to the gð2Þð0Þ
obtained for 40Caþ in an ion-trap cavity (gð2Þð0Þ ¼ 0:015),29

or to a quantum dot in micropillar (gð2Þð0Þ ¼ 0:02)30,31 or, to

the already mentioned result of Ref. 20, where it was eval-

uated to be gð2Þð0Þ ¼ 0:004 but only after background sub-

traction, leaving our source with the lowest two-photon

component.

Furthermore, the linear fit to gð2Þð0Þ (Fig. 3(b)) yields

an ideal zero-noise configuration (T open ¼ 0) of gð2Þð0Þ
¼ �0:0003ð9Þ, whose compatibility with 0 shows that there

is no measurable two-photon content in the true heralded

peak, making ours an ultra-pure single-photon source. Anal-

ogous considerations hold for the ONF data in Fig. 3(a).

The fit shows that ONF¼ 0.00002(40) for T open ¼ 0, i.e.,

consistent with zero.

The relative uncertainties on the gð2Þð0Þ values are quite

large with respect to those obtained for the ONF. This is

because the double-detection events needed to evaluate

gð2Þð0Þ are relatively rare, further highlighting the extremely

low noise of our HSPS.

To check the extinction performance of our OS, we com-

pared the true heralded-photons in the peak-in and peak-out
configurations (see Fig. 2): the ratio between the integrals of

these two peaks (once the background and dark counts have

been subtracted) defines the OS extinction factor r.15 Our

measurements yielded a value of r¼ 0.0010(2) (compatible

with the factory specifications of the switch), and more than

three times better than the one obtained in Ref. 15. This was

possible by improved polarization control, as well as a better

spectral selection of the heralded photons, reducing their

bandwidth and making our interferometric optical shutter

work at its best.

In conclusion, through the use of high-detection-efficiency

low-jitter SPADs and fast electronics custom-made for operat-

ing an optical switch, we have realized a high performance her-

alded single-photon source in terms of single-photon purity

gð2Þð0Þ and ONF. The minimum gð2Þð0Þ value observed, 0.005,

surpasses the best reported single-photon sources, including

those based on single emitters.11,12,27

Furthermore, with respect to other single-photon sources

like nitrogen vacancy centers in nanodiamonds, quantum dots,

etc.,11,12 this low-noise HSPS has the advantage of the wide

wavelength tunability typical of parametric-down-conversion-

based sources, and, since our heralded photons are in the tele-

com band, this source is compatible with available telecom

components. Its special features, such as the elimination of

background photons and the ability to choose a dead time in

which the control circuit ignores the incoming heralds, can be

very useful when dealing with slow response systems and

detectors (e.g., the transition-edge superconducting microbol-

ometers32), where the slow response does not allow temporal

discrimination of unwanted events.

Finally, we note that the performance of this source can

be further enhanced by integrating the whole system in a sin-

gle PPLN crystal, the same technology used for the fast OS

exploited here as an optical shutter.
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