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Abstract: Multiphoton contributions pose a significant challenge for the realisation of heralded
single-photon sources (HSPS) based on nonlinear processes. In this work, we improve the
quality of single photons generated in this way by harnessing the photon-number resolving (PNR)
capabilities of commercial superconducting nanowire single-photon detectors (SNSPDs). We
report a 13 ± 0.4% reduction of 6 (2) (g = 0), even with a collection efficiency in the photon
source of only 29.6%. Our work demonstrates the first application of the PNR capabilities of
SNSPDs and shows improvement in the quality of an HSPS with widely available technology.

© 2022 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Single-photon sources based on nonlinear processes, also referred to as HSPS [1], and single-
photon detectors have played a prominent role in the fast-paced progress of quantum optics and
quantum information experiments in the last two decades [2, 3]. Their applications span from
quantum communications [4, 5] and quantum metrology [6–9] to quantum computing [10–12].
In an ideal HSPS, spontaneous scattering through nonlinear wave mixing probabilitistically
creates a photon in each of two optical modes. One mode is measured, and the detection of
a photon confirms the presence of the other, which is taken as the output. A shortcoming of
this method, however, is exhibited when the nonlinear interaction instead generates twin beams
that each contain more or less than one photon. For a given mean photon-number per pulse,
〈=〉, the probability to generate : photon pairs follows a thermal distribution, 〈=〉:/(1 + 〈=〉):+1.
For multiple applications [13], it is required to employ true single photons and these high
photon-number contributions can be problematic. To work around this problem, researchers tend
to work in the so-called low-squeezing regime, i.e. 〈=〉 → 0, to minimize the contribution of
such higher order-terms [14–16]. The increasing demand for higher photon rates to conduct
experiments involving a growing number of photons [17–19] restricts the possibility of working
in this regime. This presents a clear trade-off between photon statistics free from multiphoton
noise and detection rates. Another option to reduce the noise from multiphoton emission is
to harness the strong photon-number correlations of two-mode squeezed vacuum sources, and
perform a photon-number resolving measurement in the herald arm to filter out the unwanted
multiphoton events. This technique is commonly used in the field [20–23] and, in this sense, the
role played by the detection system is crucial.
Detectors that operate at the single-photon level may be broadly categorized when consid-

ering their photon-number resolution capabilities as: (i) photon-number resolving detectors;
(ii) non-photon-number resolving (NPNR) detectors and, (iii) pseudo-photon-number resolving
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(PPNR) detectors. Photon-number resolving detectors, e.g. transition-edge sensors (TESs) [24],
can resolve up to 20 photons with efficiencies close to 100 %, but their long recovery time (∼ `s)
severely limits their ability to prepare heralded single-photon states with a high repetition rate.
Also, the temperature at which they operate, ∼ 100 mK, requires advanced cryogenic systems.
On the other hand, non-photon-number resolving detectors, such as avalanche photo-diodes
(APD) [25], can only discriminate between states with “no photons” or “some photons”. These
are also referred to as “click” detectors and are ubiquous in the quantum optics community and
widely available. Signatures of photon-number resolution capabilities have been shown in the past
using APDs by measuring very weak avalanches and analysing the analog output signal [26, 27].
And, lastly, pseudo-photon-number resolving detectors, such as spatially-multiplexed [28, 29] or
time-multiplexed [30–33] NPNR detectors, split the incoming state into many NPNR detectors
and look for coincident detections. They are the usual approach to resolve the number of photons
in the herald arm, implying the need to consume many resources, either in the form of physical
detectors or repetition rate, to have accurate photon-number resolution and sufficient dynamic
range [34].

Superconducting nanowire single-photon detectors, which are widely used in the community
[35,36], are usually treated as NPNR detectors. These exhibit high detection efficiencies [37],
low timing jitter [38] and low dark count rates [39], all of which are essential for producing HSPS.
Recently, Cahall et al. [40] showed that the electronic trace output by a conventional single-pixel
SNSPD in conjunction with a cryogenic low-noise amplifier does in fact contain photon-number
information. Due to a time- and photon-number dependent resistance, by looking at the slope
of the rising edge of the waveforms one can extract information on the photon-number of the
detected state. The PNR ability of SNSPDs was further improved in Refs. [41] and [42], which
employed a conventional single-pixel SNSPD system with a low-noise cryogenic amplifier, and a
superconducting nanowire with a taper for impedance-matching, respectively. These works show
that SNSPDs are not merely NPNR detectors, but rather fast and highly efficient photon-number
resolving detectors, posing them as the ideal tool to realise HSPS.
In this work, we employ the PNR capabilities of a commercial single-pixel SNSPD system

to discard multiphoton contributions of a HSPS and show an experimental reduction of the
second-order correlation 6 (2) (0). We report a very good agreement with the theoretical model
and show that further 6 (2) (0) reduction can be obtained by improving the collection efficiency of
the photon source. In this regard, to the best of the authors’ knowledge, this is the first application
of the PNR capabilities of conventional SNSPDs to a practical problem. Moreover, we show that
this system of SNSPDs can be employed for this purpose without any further modification, such
as a specialized cryogenic low-noise amplifier. We believe this technique provides a practical
tool that can readily benefit research labs employing similar detectors.

2. Using a conventional SNSPD to reduce the 6 (2) (0)

Single-photon sources based on nonlinear processes do not generate single photons but, in the
ideal case, two-mode squeezed vacuum states (TMSV). These are described by the following
pure state

|k〉 =
√

1 − _2
∑
==0

_= |=, =〉, (1)

where _ is the squeezing parameter. This description is a simplification used for clarity and can
be extended to multiple modes to more precisely describe real sources. By measuring one of the
modes, i.e. the herald, we can estimate the state on the other mode, the signal, to be a single
photon based on a detection event if _≪ 1. A usual metric to characterise single-photon sources
and assess their quality is the second-order correlation function at g = 0, 6 (2) (0), [43] namely

6 (2) (0) = 〈=̂(=̂ − 1)〉
〈=̂〉2

=

∑
=(= − 1)%(=)
(∑ =%(=))2

, (2)



where %(=) is the photon-number probability distribution of the output state and the sums
run over all possible values of photon-number =. Ideally, a single-photon state should have
6 (2) (0) = 0, since %(= > 1) = 0. For heralded single-photon sources, however, due to the limited
collection and detection efficiencies and the higher-order photon-number contributions, we obtain
6 (2) (0) > 0 and, to a first-order approximation, proportional to _2 [44–46].
Formally, the measurement process can be described by a positive operator-valued measure

(POVM),

Π̂(c) =
∞∑
==0

2= |=〉〈=| , (3)

where c is a vector that depends on the detector parameters and the measurement outcome. Table
1 shows the different POVMs corresponding to the different types of detectors, where we only
consider the efficiency as their main imperfection whilst ignoring other negligible contributions
such as dark counts and background light.
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Table 1. POVM elements for the different types of detectors, where < denotes the
number of photons (or clicks) detected, [ is the detection efficiency and "det are
the number of detectors used in the pseudo-PNR scheme. These will determine
the photon-number probability distributions and, therefore, will influence the photon
statistics of the signal arm. Note that in the limit [→ 1, the PNR detector converges to
Π̂PNR
< = |<〉〈< |.

We can use these to calculate the probability to trigger the heralding arm, either if there is a
detection in a click detector or a single count in a PNR detector, as

%h (_, c) = Tr
(
Π̂(c) |k〉〈k |

)
= (1 − _2)

∑
==0

2= |_ |2=, (4)

and to compute the resulting state of the signal arm given that the heralding arm triggered as

ds (_, c) =
Trh (Π̂(c) |k〉〈k |)

%h (_, c)
=

∑
==0 2= |_ |2= |=〉〈=|∑

==0 2= |_ |2=
. (5)

From these output states we can then calculate 6 (2) (0), namely

6 (2) (0) =
∑
==0

2= |_ |2=
∑

==0 =(= − 1)2= |_ |2=

(∑==0 =2= |_ |2=)2
. (6)

Ideally, for a PNR detector with unit efficiency, i.e. [ = 1, we find 6 (2) (0) = 0 for all values of _,
since the heralding detection event only occurs when precisely one pair of photons is generated.
Otherwise, as soon as [ < 1 the 6 (2) (0) increases with the probability of triggering the heralding
arm.
The experimental setup is shown in Fig. 1. A type-II collinear ppKTP waveguide source is

pumped by a frequency-doubled mode-locked laser at 1550 nm [47]. The length of the photon
wavepacket is 1 ps, orders of magnitude smaller than the rise-time of the electrical signal from the
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Fig. 1. Schematic of the setup used for the experiment. We have excluded most of the
optics used for the source for clarity. See details in the main text. WP: Wollaston prism,
FBS: fibre beam splitter, SNSPDs: superconducting nanowire single-photon detectors.

SNSPD system (400 ps). This ensures that if a pulse contains multiple photons, all will impinge
the detector at the same time relative to the detector state [48]. Similarly, the repetition rate of
the laser is 10 MHz, allowing enough time for the SNSPDs to return to their detection-ready
state after a detection event, following a reset time of < 100 ns as shown in Fig. 2(a).
The herald and signal arms are split using a Wollaston prism and collected into single-mode

fibers. The herald is directed straight to the detector, Dh, and on the signal arm, we employ a
Hanbury-Brown and Twiss (HBT) setup using a 50:50 fiber beam splitter to analyse the photon
statistics on detectors D1 and D2. The SNSPDs are a Single Quantum Eos CS system with
detection efficiencies of 80-86%, 250 s-1 dark counts and 11-17 ps timing jitter. The electronic
signals from the SNSPDs are recorded by a high-bandwidth (8 GHz) and high-sampling rate (25
GS/s) oscilloscope (Tektronix DPO70804C) and saved for analysis. We use the herald arm as
the trigger for the oscilloscope and record a total of 3 × 105 traces per pump power. In total, we
record data for 16 different pump powers, 8 for each herald efficiency.

Fig. 2(a) shows an example of a collection of traces obtained. In order to resolve the number
of photons contained in each measurement we follow a similar procedure as in Refs. [40, 41]. In
particular, the resistance induced in the nanowire due to the absorption of an optical wavepacket
exhibits a photon-number dependence that can be resolved by examining the slope of the rising
edge of the output signal. Here, we aim to see if this still holds for our unmodified system, i.e.
without the addition of a low-noise cryogenic amplifier. In contrast to [40], we do no additional
analog signal processing prior to recording the raw signal on the oscilloscope straight from the
detector. For each waveform we fit a line, H = 0G + 1, to part of the rising edge and extract its
slope, 0. We find that good results are achieved when the linear fit is applied to data between the
10% to 60% level of the rising edge of each waveform. This assures we only capture information
contained in the linear region of the rising edge. The inset zooms into the relevant region and the
colouring distinguishes the photon-number associated with each of the traces, obtained from the
histogram of the slopes, as explained below.

Fig. 2(b) displays the histogram of slopes obtained in the herald arm for different input states
and shows oscillations due to the different photon-number detection events. We determine the
photon-number bins by fitting a sum of Gaussian functions to the distribution and using the
intersection between the Gaussians as the bin edges. For example, all events whose slope lie
within [0, 0.58] mV/ns are assigned the photon-number = = 1. To confirm these oscillations
correspond to actual photon-number detections, we check that the resulting photon-number
distribution, %exp (=), follows approximately the expected thermal distribution, %th (=), obtained
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Fig. 2. (a) Example of 100 traces recorded (random colouring) with the inset showing a
zoom into the rising edge (pink box) where the traces have been coloured according to
the assigned photon-number with them depending on the slope of the rising edge. (b)
Histogram of the rising edges slope for three different input states with [h = 16.22%.
The shaded areas correspond to different photon-number allocations, as indicated. The
black dashed line corresponds to the sum of Gaussians fitting.

from the inferred values for the squeezing, _, and the herald efficiencies, [h. The distance,

� (?, @) = 1
2

∑
8

|?8 − @8 |, (7)

gives an indication of how close two probability distributions are to one another. It varies
from 0 to 1 for identical to completely non-overlapping distributions, respectively. We find
� (%exp (=), %th (=)) < 4 × 10−3 for all the squeezing parameters used. For a click detector, the
distance would have been approximately 3 × 10−2, suggesting that this binning procedure is
assigning the correct photon-number to each detection event.
To quantify the resolving capabilities of the detector, we approximate its response using a

Gaussian model, similar to the bin assignment we described earlier. In this sense, the probability
to measure one photon when there were two photons in the state, %(1|2), or vice versa, %(2|1),
can be computed from the area of the normalised Gaussians for each photon-number detection
events’ that fall under the other photon-number region. These probabilities will ultimately limit
the resolution of the detector. The conditional probability %(1|2) will limit the value of 6 (2) (0),
whereas %(2|1) will affect the output rate since these detections will not be considered a herald.
The value found for these probabilities are %(1|2) = 4.47% and %(2|1) = 0.2%. Higher-order
conditional probabilities, i.e. %(1|= > 2), are negligible. Likewise, the probability of obtaining
a background detection in the high squeezing regime, i.e. high %h, is less than 10−2 times the
probability than obtaining a detection from the signal, and, therefore, the effect of dark counts on
the POVMs can be neglected.
From the recorded traces, we can compute (h as the number of herald detections in Dh, �1,h

�2,h as the coincidences with detectors D1 and D2, respectively, and �1,2,h as the threefold
coincidences. From this data, we can approximate the second-order correlation function at zero
time as [43]

6 (2) (0) ≈
(h�1,2,h

�1,h�2,h
. (8)

In Fig. 3(a), we show the experimentally obtained 6 (2) (0) as a function of the heralding
probability, %h, calculated by (i) discarding events for which the herald arm detected more
than one photon [squares] and (ii) keeping all detection events [triangles]. We perform this
measurement for two herald efficiencies, [h = 16.22 ± 0.13% and [h = 29.61 ± 0.31%, obtained
from a Klyshko measurement [49] as [h = (�1,h +�2,h)/((1 + (2), where (1 and (2 are the single



counts in detectors D1 and D2, respectively. Note that these values include the limited efficiency
of the detectors and are not corrected for the background noise. We vary the herald efficiency
by changing the coupling efficiency into the single-mode fiber in the herald arm. In order to
remove the dependence of the herald efficiency with the squeezing parameter, we fit a line to the
experimental values obtained as a function of the pump power and take the y-axis intercept value
as the herald efficiency. We find up to a 13 ± 0.4% reduction in the 6 (2) (0) when discarding
multiphoton events. Our results agree very well with the expected behaviour for PNR detectors
and show a significant improvement over both pseudo-PNR (with "det = 2) and click detectors
[see Eq. (6)]. For high heralding probabilities the experimental data deviates from the theory
due to the approximation in Eq. (8) [50], since %(1) � %(2) no longer holds. Fig. 3(b) shows
how by applying a tighter filtering, i.e. setting a lower discrimination voltage between = = 1 and
= = 2, we can lower 6 (2) (0) at the expense of fewer detection events. If the discrimination point
is too high such that we also include the = > 1 events, the second-order correlation converges to
the unfiltered one, as expected.

Fig. 4 shows a 3D plot of the ratio between the 6 (2) (0) when using PNR detectors as opposed
to click detectors, namely

A =
6 (2) (0)click

6 (2) (0)PNR
. (9)

as a function of the squeezing parameter, _, and the herald efficiency, [h. We observe that
the improvement ratio is independent of the squeezing applied and it is more sensitive to the
herald efficiency of the source. As exhibited, for higher herald efficiencies as the one achieved in
Ref. [15], of approximately 80 %, the improvement ratio would be close to A = 3.

3. Discussion and conclusions

We have demonstrated a reduction in the second-order correlation function at g = 0 of an HSPS of
13 ± 0.4% by discriminating the photon-number in the herald arm using commercial single-pixel
SNSPDs. On the detection side, we use the information contained in the slope of the rising
edge of the electronic traces to extract the photon-number information, obtaining conditional
probabilities %(1|2) and %(2|1) of 4.47% and 0.2%, respectively. These values reflect that this
type of system can be reliably employed for the purpose of discriminating the detection of one
photon from the detection of many photons. Note that in this application, the most important
feature needed from the detector is to be able to discern the detection of = = 1 from = > 1,
while achieving high fidelities in resolving higher order photon-numbers, e.g. two-photon versus
three-photon absorptions, is less relevant. The low value for %(1|2) indicates that the reduction
of 6 (2) (0) is primarily limited by the herald efficiency of the source rather than by the PNR
capabilities of the detector. We envisage this technique can be straightforwardly applied in other
high-efficiency photon sources such as [15, 20, 51]. The procedure shown in this work will either
allow for higher detection rates with the same quality in terms of photon statistics or photon
statistics with reduced multiphoton noise. Moreover, the substitution of pseudo-PNR schemes
by a single SNSPD for multiphoton detection would entail a relevant reduction in hardware
requirements.

We foresee these detection concepts to lead to widespread tools for quantum optics and quantum
information protocols when moderate photon-number resolution is desirable. For instance, these
could be employed for state engineering based on measurement post-selection [52, 53] or to
increase the computational cost of simulating Gaussian Boson Sampling experiments such as [54]
as shown in [55]. An important next step is the development of fast and affordable electronics
that can analyze detection signals on-the-fly, perhaps using a high speed field-programmable
gate array (FPGA). Following Ref. [40], implementing a differentiating circuit would transform
the differences in the slope of the traces to differences in the amplitude, potentially simplifying
the analysis and easing the implementation of on-the-fly measurements. These techniques will
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benefit from further advances in SNSPDs, such as potential improvements to dynamic range that
allow resolution of larger numbers of photons [42].
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