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We demonstrate real-time single photon heralding from a bulk nonlinearity using an efficient
and low-noise photon number-resolving superconducting nanowire detector. A maximum reduction
of 0.118 £ 0.012 in the photon g*(0) cross-correlation is obtained, indicating a strong suppression
of multi-photon emissions. We analytically model our experimental results using a phase-space
formalism and obtain excellent agreement. Our experiment, built using fiber-coupled and off-the-
shelf components, delineates a path toward engineering ideal sources of single photons.

I. INTRODUCTION

A challenge in quantum optical science and technol-
ogy is the realization of an ideal, i.e deterministic, high-
fidelity, tunable, and high-rate source of indistinguish-
able single-photons [I, 2]. One intuitive approach to
develop a single-photon source requires coupling an in-
dividual quantum emitter to light using a cavity. Sig-
nificant progress in this regard [3] has been achieved
using e.g. quantum dots [4H6], crystal defects [7], or
trapped ions [8] and atoms [9], albeit mired with chal-
lenges, including fabrication complexity [I0, 1] or dif-
fering emitter spectra [12HI4]. Instead, the strong light-
matter coupling offered by solid-state bulk nonlineari-
ties can be used to probabilistically emit photon pairs
via laser-driven x(?) and x® processes [15] , i.e. spon-
taneous parametric down-conversion (SPDC) and four-
wave mixing (SFWM), respectively. Thermal statistics
of the emission permit a photon pair to be emitted with
low probability (e.g. 1073 in practice [16]). An individual
photon (in a signal mode) can be heralded by the detec-
tion of a photon (in an idler mode) [I]. Typically this is
performed using a threshold detector that discriminates
zero from one or more photons. Heralding of photons
from optical nonlinearities is scalable, and has enabled
tunable and indistinguishable photons with high fidelities
and bandwidths [I}, 17, [18]. However, there is a non-zero
probability to produce multiple pairs. To exclude these
pairs, we herald the idler mode from an SPDC process in
real time using a novel photon number-resolving (PNR)
niobium nitride (NbN) superconducting nanowire single-
photon detector (SNSPD) [I9]. The detector is optimized
across several performance metrics [20], namely efficiency
> 70%, dark count rate of 10 Hz, timing resolution (jit-

ter) of < 14 ps, and a high single-photon discrimination
efficiency, defined in Sec. 3. Specifically, we perform
a second-order cross-correlation ¢g2(0) measurement [21]
of the signal mode conditioned on the measured photon
number of the idler mode using the number-resolving de-
tector. We operate the detector in two configurations:
(i) as a PNR SNSPD, discriminating zero-, one- and
multi-photon events, and (ii) as a threshold SNSPD, dis-
criminating zero-photon events from all other events. A
g%(0) of zero is expected when a single photon pair is
generated without any multi-photon events. We mea-
sure a maximum reduction of g?(0) from 0.43040.009 to
0.312 + 0.008 when using PNR detection versus thresh-
old detection, thereby improving the fidelity of the single
photon source. Our non-zero ¢g2(0) is primarily due to
recoverable photon loss. For a fixed g?(0) = 7 x 1073,
we increase the probability to generate a single pair by
25%, from 4 x 1073 to 5 x 1073, which is state-of-the-
art [22]. Our results are analytically modeled using a
phase-space formalism based on characteristic functions
that incorporate all relevant imperfections [23H25].

II. EXPERIMENTAL METHODS

The experimental setup is shown in Fig. Light
pulses of ~ 600 ps duration are created by injecting
1540 nm wavelength light from a continuous-wave laser
into an intensity modulator (IM). The modulator is
driven by an arbitrary waveform generator (AWG) at a
rate of 1 MHz, which is the clock rate of the experiment.
The pulses are amplified by an erbium doped fiber optic
amplifier (EDFA) and then directed to a second harmonic
generation module (SHG), which up-converts the pulses
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FIG. 1. Experimental setup. AWG - Tektronix AWG7002A, BS - Thorlabs 1550nm fiber optic 50:50 beamsplitter, CWDM
- F'S one-channel Coarse Wave Division Multiplexing/Optical Add/Drop Multiplexer, EDFA - Pritel Optical Fiber Amplifer,
Laser - General Photonics TLS-101, PPLN - Covesion Ruggedized Waveguide, SHG - Pritel Optical Fiber Amplifier/Second

Harmonic Generator.

to 770 nm. The 770 nm pulses pump a fiber-coupled
type-0 periodically poled lithium niobate (PPLN) waveg-
uide, which produces photon pairs centered at 1540 nm
wavelength by way of SPDC. A coarse wave division
multiplexer (CWDM) splits the photon pairs into the
signal and idler paths, centered at 1530 nm and 1550
nm, respectively, and ascribes them with 13 nm band-
widths. The estimated joint spectral intensity (JSI) with
the CWDMs is shown in Fig. [1} corresponding to a multi-
mode spectrum with a Schmidt number of K = 20.6 [26].
We vary the average number of pairs p by changing the
input power to the SHG module. Light in the signal path
is split by a 50:50 beamsplitter (BS) into two paths, la-
belled as signal 1 and 2. Filters with a total of 60 dB
extinction on the idler path and 120 dB extinction on
the signal path are used to suppress the unconverted 770
nm pump light. The photons from the signal and idler
paths are detected using conventional and PNR SNSPDs,
respectively. The readout pulses from the detectors and
the 1 MHz signal from the AWG are sent to a time tag-
ger, which is interfaced with custom-made software for
real-time analysis and multi-photon event discrimination
(see Supplemental Material).

To measure the signal modes, we use two single-pixel
tungsten silicide (WSi) SNSPDs, which have timing jit-
ters of ~ 50 ps, efficiencies of ~ 80%, and dark count
rates below 5 Hz [16]. To measure the idler mode, we use
a PNR SNSPD with an active area of 22x15 ym?, formed
by a meander of 100-nm-wide and 5-nm-thick niobium ni-
tride (NbN) nanowires with a 500 nm pitch. The detec-
tor employs a differential architecture to cancel the signal
propagation delays’ contribution to the timing jitter [19]
and an impedance matching taper to increase the signal-
to-noise ratio and minimize reflections and distortions

[19,27]. The integration of an impedance-matching taper
was also shown to enable photon-number-resolution. The
number of incident photons is encoded in the amplitude
of the output pulse [19] 28]. A single incident photon, ab-
sorbed by the nanowire, induces a single time-dependent
resistive hotspot and results in a RF pulse [20]. Multi-
ple incident photons, absorbed by the nanowire at the
same time, will induce multiple time-dependent resistive
hotspots, increasing the total resistance and, hence, an
RF pulse with the amplitude and slew rate that depends
on the number of hotspots. In our experiments, rather
than measuring the pulse amplitude variation [19] 28],
we measure its slew rate variation [29], because it only
requires a constant threshold time-tagger, and thus en-
ables real-time readout. We trigger at 90% of the pulse
amplitude where the variation in slew rate contributes
to variation in time of the registered time-tag. Earlier
(later) time-tags arriving in the left (right) bin of Fig.
correspond to multi-photon (single-photon) pulses with
higher (lower) slew rate.

III. MODEL

The second-order cross-correlation of photons in the
signal 1 and 2 paths conditioned on the detection of the
idler for the threshold and PNR configurations is calcu-
lated as

Ci51 S2 C’L

2
g°(0) = ——2—, 1

(0) CrnCin, (1)
where Cj4, 5, is the number of threefold coincidence de-
tection events of photons in the idler and the two signal

paths, C; is the number of idler detection events, and
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FIG. 2. Probability distribution of the arrival times of de-
tection events by the PNR SNSPD for varied pu. The dashed
lines define the time bins corresponding to single (right) and
multi-photon (left) events. The total number of events are
used when operating the SNSPD as a threshold detector.

Cis; is the number of idler and signal j twofold coinci-
dence detection events where j = 1,2. We develop a the-
oretical model that takes into account full multi-photon
effects, losses, and multi-mode behavior to determine the
dependence of ¢%(0) on p. Analytical expressions for
the detection rates of each detector, twofold coincidence
rates, threefold coincidence rates, and g2(0) as a func-
tion of pu and efficiencies are derived using a characteris-
tic function-based approach [23]. For our experiment, we
construct the symplectic transformation that maps the
characteristic function of the state after the CWDMs,
which is a multi-mode squeezed vacuum state, to that
of the state prior to detection. This is permitted be-
cause the states and all relevant experimental operations
are Gaussian. The characteristic function is constructed
using the Schmidt modes of the JSI (see Supplemental
Material) [30].
We calculate the detection probability using

pwm:(égé/m%munm—m, 2)

where p describes an n-mode state prior to detection, II
is the measurement operator corresponding to the detec-
tor, x,(x) is the characteristic function of p and xm(z)
is the characteristic function of II. Since the measure-
ment operators describing PNR detectors are not Gaus-
sian operators [31], unlike threshold detectors, we cannot
immediately evaluate Eq. to find the detection prob-
abilities for the PNR detector. Instead, we model the
PNR detector as an effective 2N-port beamsplitter with
threshold detectors at each output port [24] 25] [32] B3].
We implement the 2N-port beamsplitter as a network
of beamsplitters forming a so-called “binary tree” archi-
tecture, which has N input and output ports, as shown
in Fig. [3] for the case N = 8. To model a PNR detec-
tor, photons are injected to an input of the “top-most”
beamsplitter of the tree, which corresponds to input 6
in the figure. The detection of photons with the PNR
SNSPD is modeled as detection events from any combi-
nation of threshold detectors at the output ports of the
tree. For an input Fock state |n), the probability that

multiple photons arrive to the same output port is negli-
gible when N > n, corresponding to ideal photon num-
ber discrimination. In this case, the number of detection
events equals the number of input photons. For N ~ n,
the probability of multiple photons arriving to the same
output port is non-negligible, corresponding to non-ideal
photon number discrimination. In this case, the number
of detection events does not equal the number of input
photons. Therefore, the depth of the tree k = logy(IV),
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FIG. 3. Schematic of the setup used for theoretical model-
ing. The PNR detector is modeled as a 2N-port beamsplitter
in a binary tree architecture with threshold detectors at the
outputs. See the main text for details.

is a figure of merit for photon number discrimination. A
schematic of the binary tree model for kK = 3 is shown
in Fig. B where n,, 1,,, and 7; denote the efficiencies
(including all coupling and detection losses) of the sig-
nal 1, signal 2, and idler paths, respectively. We use the
schematic depicted in Fig. [3| and employ characteristic
function techniques for Gaussian states to find analyti-
cal expressions for single-photon detection probabilities
from the PNR SNSPD, as well as twofold and threefold
coincidence probabilities of photons in signal 1, signal 2,
and idler paths, as a function of the ns,,ns,,n; and k.
These expressions are then used to calculate g2(0) from
Eq. . Moreover, we use our model to define the single
photon discrimination efficiency of the PNR, detector as:

]- exr i
e = 1= 5T 7 iz )

where TI$” and IT%9°®! are the experimentally obtained
and ideal elements of positive-operator value measure, re-
spectively, corresponding to the single photon measure-
ment outcome of the PNR detector. The npy g is zero for
a threshold detector and one for an ideal PNR, detector.
For more details, see the Supplemental Material.

IV. RESULTS

We vary p and measure the corresponding g2(0) for
threshold and PNR detector configurations. The results



are shown in Fig. [d We observe suppression of multi-
photon events, as indicated by a reduction of g2(0). A
maximum reduction of 0.11840.012 is observed, as shown
in the inset of Fig. . To determine p, we fit Eq.
to our measurement results using the threshold configu-
ration, and to determine k, we fit Eq. to the single
photon rates in the PNR configuration. The 7, , 15, and
7; are calculated from the single and twofold coincidence
detection events of the four lowest . For our experiment,
k = 2.55 and the detector efficiency is 0.71, which yields
npyr = 0.360. Thus, the single-photon discrimination of
our detector is comparable to that of a pseudo-PNR de-
tector comprised of no more than six threshold detectors
each with a detector efficiency of 0.71. The data used to
calculate g2(0), along with the fit details, are presented
in the Supplemental Material. As seen from Fig. [4] our
model agrees with the experimental results. The data for
f < 0.015 is presented in Fig. [db. For a ¢?(0) of 7x 1073
(black line) [22], the crosses and grey lines indicate the
corresponding u using threshold and PNR detection, re-
spectively. We observe a 25% improvement in p, from
4x 1073 (blue cross) with the threshold configuration, to
5 x 1072 (green cross) with the PNR configuration.

Next, we estimate the performance of our experiment
with future improvements (see Sec. 5). We calculate
g%(0) using the properties of our PNR detector (purple
dashed line) and those of a nearly ideal PNR detector
(red dashed line) for a high-efficiency single-mode SPDC
source. We assume efliciencies of ns, = ns, = n; = 0.87,
which are the product of the coupling (0.91) and detector
(0.96) efficiencies from Refs. [34] and [35], respectively,
and are among the best achieved to date. With these
upgrades, for a g2(0) of 7x 1072, we predict an improved
= 8.7 x 1072 (purple cross) and pu = 1.4 x 1072 (red
cross) using our PNR SNSPD and a nearly ideal PNR
detector, respectively.

V. DISCUSSION

By measuring the idler mode of a spontaneous para-
metric down-conversion source using a photon-number-
resolving nanowire detector, we reduce the ¢g2(0) of the
signal mode or, likewise, increase the probability to gen-
erate a photon. The results and key performance metrics
of our experiment are supported by a detailed analyti-
cal model which captures multi-photon effects, imperfec-
tions, and multiple spectral modes. Using a setup con-
sisting of fiber-coupled and off-the-shelf equipment, we
generate photons that can be used in quantum informa-
tion applications, in particular quantum communications
[36L B37].

To realize an ideal single photon source [I], a number
of improvements to our experiment must be implemented
[38]. First, the Schmidt number of our SPDC source
must be decreased from its current value of K = 20.6 to
K = 1. This can be accomplished with either narrower
spectral filtering of the pairs, an increase in the pump
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FIG. 4. The cross-correlation g*(0) with varied mean pho-
ton number for our experiment and using improved her-
alded single-photon sources. The data using threshold (blue)
and PNR (green) configurations are represented by the cir-
cular markers. All uncertainties are calculated from Pois-
son statistics. The blue and green solid lines are obtained
from the model using measured 7; = 0.3280 £+ 0.0110, s, =
0.1802 £ 0.0063, ns, = 0.2210 £ 0.0077. The model predicts
k = 2.55 for PNR detection. The inset magnifies the region
where the largest reduction in ¢*(0) is measured. The purple
and red dashed lines are predictions using an improved source
(see main text for details).

pulse bandwidth [39], the use of cavity-enhanced SPDC
[40], or by engineering the phase matching function of
the nonlinear crystal [41]. A near-unity Schmidt number
renders the photons suitable for interference with other
independently generated photons in a quantum circuit or
network.

Next, the system efficiency should be increased to
near unity. Coupling between fibers and devices can
be improved with enhanced modal engineering [42] or
using anti-reflection-coated free-space components [43].
Alternatively, components could be integrated onto the
same chip, for instance using Si- or SiN-on-insulator with
SFWM sources [I7, [44], or using thin-film lithium nio-
bate [45]. Furthermore, multiplexing strategies must be
employed to increase the probability of generating a sin-
gle pair beyond the theoretical maximum of 25% per
mode. Such multiplexing, using, for instance, spatial [46],
47, temporal [34] [ 48], or frequency modes [49} [50], could
also be employed to circumvent loss in the signal mode
[61]. This requires on-demand feed-forward mode map-
ping using switches [52], quantum memories [53], or fre-
quency shifters [54], respectively. Feed-forward requires
the real-time readout that our PNR SNSPD provides. If
all modes can be mapped, multiplexing can also allow
a multi-mode source to be rendered as single mode, i.e.



it effectively decreases its Schmidt number to unity. Our
broadband SPDC source is naturally suited for frequency
multiplexing, as indicated by the strong frequency corre-
lations in our JSI [55], see Sec. 2. This suggests our
measured g = 5 x 1073 for ¢g2(0) = 7 x 1072 exceeds
state-of-the-art SPDC sources using threshold detection,
as well as quantum dots [22], accounting for multiplex-
ing. Note that with a system efficiency of 0.87 [34] 35],
see Sec. 4, and using 61 multiplexed modes, the probabil-
ity of our source to generate a single photon approaches
unity, while maintaining a g?(0) = 7 x 1073.

Additional gains can be offered by improvements to
the PNR SNSPD. A higher detector efficiency would in-
crease the photon number discrimination efficiency and
improve the fidelity of the heralded single photon. This
may be achieved through improvements to the optical
stack around the nanowire by replacing the gold mirror
with a distributed Bragg reflector mirror [56]. Also, the
detector reset time of nearly 100 ns restricts the maxi-
mum repetition rate of the source to be ~ 10 MHz. An
SNSPD with a reduced reset time based on a lower ki-
netic inductance nanowire material, or integrated with an
active quenching circuit [57], would allow for high single-
photon generation rates. A multiplexing method based
on multiple PNR SNPDSs would also support a high rep-
etition rate.

Beyond single photon sources, extensions of our setup
will allow efficient generation of qubits or qudits, or en-
tanglement swapping using PNR SNSPDs [37]. Fur-
ther uses encompass preparation of heralded photon-
number states [58] and non-Gaussian continuous-variable
states [59], which are vital resources to realize fault-
tolerant photonic quantum computers [60].

During the preparation of our manuscript we became
aware of relevant results achieved independently of this
work [61].
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Appendix A: Analytical expressions

For a 2N-port beamsplitter realized as a finite depth bi-
nary tree, we derive expressions for single, two-fold and
three-fold coincidences as a function of the efficiencies
and tree depth k, where N = 2*. The equations reduce
to the threshold detectlon case for k = 0. In the follow-
ing, we use Hoff m and HOn m to denote the measurement
operators for a threshold detector at mode m,

0) (0,,, ,

0) 0],
For the PNR detector, we use f[on,m ® ﬁf?év_l to denote
an “on” measurement outcome for a detector at the mth

output and “off” measurement outcomes for the detectors
at the remaining N — 1 outputs of the tree.

Hoff,m =

Hon,m = jm -

1. Idler detection probability
The idler detection probability P;(u, n;, k) is calculated
as
P, = NTr [p (IS1 @I, @Tonm ® ﬂ?HN”)} . (A3)

and is evaluated to

2k 1
P =2k -
<1:[ 2k 4+ (28 — 1) Agun; 1:[ 1+ )\S/ml) ’
(A4)

where A, are the Schmidt coefficients obtained from
the joint spectral intensity. The products in the expres-
sions run over all Schmidt coefficients. The Schmidt co-
efficients for our source are shown in Fig. [

2. Idler & signal twofold coincidence probability

The idler and signal twofold coincidence probabilities
Pisl (,U/7 MisMs1s k)7 Pi82 (Ma iy MNsas k) are calculated as

Pis, = NTr [p (Hon 1 @ Iy @ Tonm @ TSN~ 1)} ,
(A5)

Pigy = NTx [ (L, @ Tl 5, @ Tlonm @ 5]
(A6)

The idler and signal j twofold coincidence probability
Pis; (11, mi,ms,, k) where j = 1,2 is evaluated to

Qk
Py, =2~
I (1:[ 2k + (28 — D)Asp

(A7)
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3. Idler & signal 1 & signal 2 threefold coincidence probability

The idler, signal 1, and signal 2 threefold coincidence probability P; s, s, (i, %s,, Mss, 7is k) is calculated as

Pi,s1,s2 = NTr |:p (Hon 51 & Hon s @ Hon m X H®N 1)] ,

and is evaluated to

(A8)
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Pi 51,82 — 2k | I
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2

1 2
- Hm +1:[ 24 2 i + 15y Aspa(1 — 17) +1:[

2
1:[ 2+ 20Asmi + (s, + sy ) A (1 = 1:) >

With these expressions, we can derive analytical ex-
pressions for the ¢,

P’L Sl,SQP
PZ 51P7, S2

Ci7517520i
Ci,sl Ci,SQ

9?(0) = (A10)

For a more detailed discussion of the derived formulas,
see the Supplemental Material.

Appendix B: Single Photon Discrimination
Efficiency

The element of positive-operator value measure corre-
sponding to the single photon outcome for a phase inde-
pendent PNR detector can be described by

=3 cln) (nl, (B1)
n=0

where c¢,, are the matrix elements corresponding to the
representation of the operator in the photon number ba-
sis. For an ideal PNR detector, ¢; = 1 and c,»; = 0.

2+ 2X i + [T msa Aspe(1 = 15)

(

From our model, we obtain II; for our PNR detector us-
ing k = 2.55 and efficiency of = 0.71 (see Supplemental
Material),

1977 ~ 0.418 1) (1] 4 0.293]2) (2| + 0.156 |3) (3| (B2)
+0.0744 |4) (4] 4 0.0336 |5) (5] + 0.0147|6) (6] .

The single photon discrimination efficiency, which is de-
fined in as the trace norm between the ideal I1jd¢%!

and the normalized 17, evaluates to

1 )
nPNR:1*§Z|CfLIP*C;deal‘, (B3)

For our detector, we calculate npygr = 0.360.
Appendix C: Additional Data

The joint spectral intensity (JSI) of the source is shown
in Fig. and the eigenvalues \s from the Schmidt de-
composition of the JSI are shown in Fig. [Bp.

The data used to calculate the ¢g(0) in the threshold
and PNR detection configurations are shown in Fig. [6]
(see below).
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FIG. 5. a) Joint spectral intensity of source, normalized by the area. b) Eigenvalues obtained from the Schmidt decomposition
of the JSI.
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FIG. 6. a) Idler detection probabilities, b) signal 1 and signal 2 detection probabilities, c) signal 1 and idler twofold coincidence
detection probabilities, d) signal 2 and idler twofold coincidence detection probabilities, e) signal 1 and signal 2 twofold
coincidence detection probabilities, and f) threefold coincidence detection probabilities as a function of . In a), P(N > 0)
denotes the probability of at least one photon in the threshold configuration, P(N = 1) denotes the probability of single photon
detection from the single photon bin of the PNR configuration, and P(N > 2) denotes the probability of multi-photon detection
from the multi-photon bin of the PNR configuration (see Fig. [2)).



