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Photon-number-resolving (PNR) single-photon detectors are an enabling technology in many areas,
such as photonic quantum computing, nonclassical light-source characterization, and quantum imaging.
Here, we demonstrate high-efficiency PNR detectors using a parallel superconducting nanowire single-
photon-detector (P-SNSPD) architecture that does not suffer from crosstalk between the pixels and that
is free of latching. The behavior of the detector is modeled and used to predict the possible outcomes
given a certain number of incoming photons. We apply our model to a four-pixel P-SNSPD with a system
detection efficiency of 92.5%. We also demonstrate how this detector allows reconstructing the photon-
number statistics of a coherent source of light, which paves the way towards the characterization of the
photon statistics of other types of light source using a single detector.

DOI: 10.1103/PhysRevApplied.19.064041

I. INTRODUCTION

Quantum states of light are made of a superposition of
photon-number states. This is at the core of quantum optics
and all of its practical applications, such as quantum key
distribution with coherent states [1-3], linear optical quan-
tum computing based on downconverted photon pairs, or
on squeezed states of light [4]. In this context, photon-
number-resolving (PNR) detectors are known to play a key
role in the processing itself [5]. PNR detectors are also ben-
eficial in several other fields, such as the characterization
of quantum sources of light [6] and imaging with threshold
detectors [7]. PNR detectors have been realized using dif-
ferent platforms [8]. Among these, transition-edge sensors
(TESs) [9] have so far demonstrated impressive perfor-
mances in terms of combined efficiency and single-shot
measurement fidelity [10,11] thanks to their bolometric
working principle. Photon-number resolution with TESs,
however, has shortcomings, such as long recovery times
(approximately ws), high jitters (~ns), and very low oper-
ating temperatures (between 50—100 mK). This currently
prevents their use in high-repetition rate experiments and
impairs the scalability of optical quantum processors.

Interestingly, these shortcomings can potentially be
overcomed by superconducting nanowire single-photon
detectors (SNSPDs), as they can have short recovery
times (<10ns) [12] and low jitters (as low as a few ps)
[13—15]. They can also have near-unity efficiency [16] and
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very low dark-count rates. Due to their working princi-
ple based on hot-spot creation, SNSPDs do not however
possess intrinsic photon-number resolution capability in
the same way TESs do. To achieve some degree of res-
olution, one has to resort to other approaches. One is to
exploit the fact that several simultaneous hot spots can
change the detector signal’s slew rate [17,18] or amplitude
when using impedance-matched tapers [19]. These meth-
ods can yield discrimination up to three-photon events and
can help to discriminate one versus more than one photon
pulses to improve the autocorrelation function of heralded
photons [20,21]. However, their resolution power quickly
fades because with three or more photons absorbed, the
overlap of the different signals makes the photon-number
discrimination impossible.

To get more information about the number of absorbed
photons, one can exploit multiplexing, either spatially with
multipixel SNSPDs or temporally with delay lines [22,23].
Spatial multiplexing with several pixels to approach lin-
ear photon-number resolution, each connected to its own
coaxial lines was demonstrated recently [24]. This can
be simplified using a parallel SNSPD (P-SNSPD) design
where the pixels are connected in parallel to a single coax-
ial line, and the signal’s amplitude provides information
on the number of pixels that clicked [25-27]. This P-
SNSPD approach provides a path towards high-efficiency,
low-jitter, and short recovery time PNR detectors, as it
offers a mean to probe the statistics of quantum light using
a single device. Ultimately, P-SNSPDs have the poten-
tial to allow single-shot high-fidelity identification of the

© 2023 American Physical Society
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incident photon number approaching the capability of the
TES detector [28]. Here we take a step in this direction
by showing a high-performance P-SNSPD device and by
using it to probe and reconstruct the statistics of quantum
light.

I1. P-SNSPD MODEL

A P-SNSPD is a set of individual SNSPD pixels that
are connected in parallel. They are biased by the same
current source and are illuminated such that each pixel
receives a portion of the incident light, and each pixel has
its own detection efficiency. When one or several pixels
click simultaneously, the output signal’s amplitude is pro-
portional to the number of pixels that clicked. Here, we
assume that the amplitudes are discrete and perfectly dis-
tinguishable, and that there is no instantaneous crosstalk
between them. We wish to develop a model of a P-SNSPD
that can allow one to map the input statistics of the light to
the output signals produced by the device. This has been
attempted previously in Refs. [26,27] where assumptions,
such as the same efficiency for each pixel or a uniform spa-
cial distribution of light are taken. These assumptions gen-
erally do not hold in practice, but are useful to achieve the
reconstruction of input light statistics. Another approach
is to use quantum detector tomography [18,29] where the
underlying details of the device does not need to be mod-
eled. While this approach can work, it does not reveal some
interesting details about the device itself, such as differ-
ent efficiencies between the pixels. The approach we take
here does not make any prior assumption on the pixel effi-
ciencies but allows us to estimate them. Furthermore, our
approach requires only one set of data to fully characterize
the device and is fast to implement.

Let us consider a P-SNSPD illuminated by a photon-
number distribution that we write as a column vector S,
where each element is written as S, and is the probabil-
ity to have m photons incident on the detector. Let Q be
a column vector with elements Q, representing the prob-
ability to observe each of the possible discrete amplitudes
of the output signal, where n = {0, 1, ..., N} with N equal
to the number of pixels. We denote the amplitude of n
pixels clicking as an n click. We wish to find the matrix
P that maps the input photon-number distribution S into
the n-click probability distribution Q through the relation
Q = PS. Elementwise, the relation is expressed as

00
QnZZan XSm> (1)
m=0

where Py, is the probability of registering an n click when
m photons are incident. We note that the probabilities P,,,
can be used to define the elements of the positive-operator-
valued measures (POVMs) of the detector [30].

While the m can, in principle, take an infinite value, in
practice, it can be truncated to finite values. All the P,
elements with » > m are set to 0, and if we truncate m to
the value M, then P takes the form:

Poo Por Pox -+ Pou

0 Py P -+ P

P=| . )

0 0 0 Pu Puw

To construct each element of the matrix P, we enumerate

all the possible cases as if the photons in the incident pulse

are registered one at a time. Thus, for a specific m photons

with n-click event, we take into account two kinds of com-

binations: which photons are absorbed in the group of m,
and which pixels detected them.

As free parameters, we use the single-pixel efficiencies
n;, which are composed by the product of the internal quan-
tum efficiency and the coupling efficiency between the
fiber and the pixel. The latter is needed in order to con-
sider that each pixel could receive a different portion of
light with respect to the others. See Appendix A for more
details.

III. RESULTS

We fabricate a four-pixel P-SNSPD based on amorphous
MoSi as the superconducting material using a process out-
lined in Ref. [12]. The superconducting layer is 6 nm thick,
each pixel has 120-nm-wide nanowires with a fill factor of
0.6 covering an active area of 16 x 16 um? (see Fig. 1) and
light is fiber coupled to the detector via a self-alignment
packaging [31].

The particular architecture presented in this paper pre-
vents the electrical crosstalk. The thermal crosstalk is
avoided by engineering a gap between the pixels.

_Mode field diameter

FIG. 1. SEM image of the active area of a 4-pixels P-SNSPD
with the mode field diameter dimension of 1550 nm single-mode
fiber on top. The active area covers 16 x 16 um?.
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FIG. 2. System detection efficiency and system dark counts as
a function of bias current for a four-pixel P-SNSPD, measured at
0.8K.

We characterize the system detection efficiency (SDE)
in a three-stage cryostat at 0.8 K by using a calibrated pow-
ermeter and three variable digital attenuators. The light
polarization is oriented in order to maximize the SDE. In
Fig. 2, the SDE vs bias current is shown at a detection
rate of approximately 100 kHz. The presence of a plateau
indicates the saturated internal quantum efficiency of the
device and the maximum value is 92.5 4 2.4%. Dark-
count rate (DCR) remains negligible along the plateau,
around 140 counts/s. The DCR of the system alone, namely
without the fiber plugged into the cryostat, are around
35 counts/s.

The recovery of the efficiency after a detection is
directly measured by shining CW light and by measur-
ing the probability distribution of the time between two

>
[&]
C
.0
2
&
[0
e}
()
N
T 04
£
)
< o2t
oo A S S S
10 20 30 40 50 60 70
Time (ns)
FIG. 3. Recovery time of a four-pixel P-SNSPD. The detector

already displays more than 50% nominal efficiency after only
10 ns and the efficiency has fully recovered after 40 ns.
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FIG. 4. Jitter of the four-pixel P-SNSPD. It is measured

with a 6-ps pulsed laser at a detection rate of approximately
10° counts/s.

detections (see Fig. 3). After a single-photon absorption by
one of the pixels, the latter becomes inactive, but the over-
all device is still able to detect new incoming photons due
to the three other active pixels. In fact, the P-SNSPD dis-
plays more than 50% of its nominal efficiency after 10 ns
and it is back at full efficiency in 40 ns.

Another feature of SNSPDs is their timing jitter. For the
P-SNSPD, the curve shows a Gaussian shape, which indi-
cates that the parallel design does not seem to affect the
timing jitter of the detector when compared to a standard
single-pixel detector. We obtain a jitter of 42 ps at FWHM
at the single-photon level (see Fig. 4), a relatively higher
result with respect to state-of-the-art SNSPDs. The reason
is due to the current redistribution among the outer pixels,
which cause less current into the read-out circuit reducing
the signal-to-noise ratio and thus increasing the jitter.

Such results show how the P-SNSPDs can maintain high
SDE, low DCR, and low jitter similar to a single meander
SNSPDs, displaying a fast recovery time with more than
50% nominal efficiency after only 10 ns and the additional
feature of PNR capability.

A. Probabilities matrix

In the P-SNSPDs architecture, each pixel is connected to
the other, thus they cannot be read out individually. There-
fore, it is not possible to compute P directly, since it is a
function of the single-pixel efficiencies {;}.

In order to obtain P, we characterize the PNR capabil-
ities of our detector with a known light source of input
statistics S and we record the statistics generated by the
detector Q. Then we use an optimization algorithm that
finds the pixel efficiencies minimizing the Euclidean norm

1Q — PS> (3)
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FIG. 5.

Schematic of the experiment’s setup. Pulsed light (10 MHz) is shone onto the detector and the generated electrical signal is

sent to a 1-to-4 resistive splitter before going to the time tagger. On each input, different voltage thresholds (V] to Vy) are set to obtain

the corresponding click events as shown on the top-right inset.

As input statistics S,,, we use Poissonian light:

m
|-
Sy =—e *,
m!

“4)

where w is the mean photon number per pulse.
The output statistics O, is measured as follows, exploit-
ing the setup in Fig. 5.

(i) A pulsed laser (ID3000 from ID Quantique) is trig-
gered at 10-MHz repetition rate, sending a light pulse
(22 ps) to the detector and an electrical one to the time
tagger (ID900 from ID Quantique). The latter serves
as the start signal to build histograms for each photon
event.

(i) The electrical signal coming from the detector is
sent to a 1-to-4 resistive splitter (ZFRSC-4-842-s+ Mini-
Circuits) and then to the time tagger as the stop signal
for the histograms. Different thresholds are set on each
input, corresponding to 1-, 2-, 3-, and 4-photon events. The
counts are taken in a 2-ns window. Counts contributing to
a photon-number event are also contained in the counts of
a lower photon-number event, hence the real counts for a
specific event are ¢, = ¢, — Cpt1.

(iii) To obtain the 0-photon event, we subtract from the
total number of events, the registered ones. The total num-
ber of events is computed as Nyt = R x t where R is the

J

1 0.076 0.0063 0 0

0 0924 0507 0260 0.135
P=|0 0 0487 0.647 0.6728

0 0 0 0.0919  0.1858

0 0 0 0 0.00588

repetition rate of the laser and ¢ the time of acquisition,
which is set on the ID900 to be 1 min.

Thanks to our design that prevents electrical and thermal
crosstalk, and the negligible DCR (the probability to have
a dark count in the time window of the experiment is 2.8 x
10~7), we validate the model assumptions of setting to 0 all
the P,,, elements with n > m. In the case that DCR would
be non-negligible, the model can be adapted to consider
such an effect.

We acquire several sets of data at different u using a
powermeter and three digital optical attenuators. We span
w from 0.1 to 2 (leading to a photon flux between 10 and
2 x 107 photons/s) and the probability matrices obtained
are in agreement with each other.

The retrieved pixel efficiencies are 2.48 +0.06%,
35.65 £ 0.87%, 48.62 +1.18%, and 5.66 + 0.14%. The
data reflect the Gaussian distribution of light in single-
mode fibers, with the outer pixels showing a much lower
efficiency compared to the central ones. From those values,
we reconstruct P and obtain the fidelity probabilities P,,,.
We limit the matrix dimension to M = 9 during the opti-
mization process, in order to take into account more than
99.99 % of the events generated by the Poissonian light
source. In Eq. (5) we report P and in Eq. (6) the uncertainty
values for each P,, element with two significant digits.
The elements in P are rounded to have the same decimal
digits of the op elements.

0 0 0 0 0
0.0716 0.0383 0.0207 0.0113 0.0062
0.6482 0.6067 0.5596 0.5139 04712 ], (5)
0.2645 0.3275 03777 0.4177 0.4498
0.0157 0.0281 0.0419 0.0569 0.0767

064041-4



FAST HIGH-EFFICIENCY PHOTON-NUMBER-RESOLVING...

PHYS. REV. APPLIED 19, 064041 (2023)

pn=01
1 1
[ Expected input
o1l Il Reconstructed input
0.1F
0.01}
- 2
B 1x10°f 3 001F
© @
S 8
a 1x10+E o
1x103
1x105F
1x10-° 1x104

0 1 2 3 4
Photon-number event

0 1
Photon-number event

n=05 p=1
1
[ Expected input [ Expected input
I Reconstructed input I Reconstructed input
0.1
2
3
@©
Q
<)
& 001
1x10-%
2 3 4 0 1 2 3 4

Photon-number event

FIG. 6. Comparison between the expected light statistics sent onto the detector and the reconstructed one for . = 0.1 (left), u = 0.5

(center), u = 1 (right).

0 0.022 0.0035 0 0

0 0.022 0.020 0.018 0.012
op=10 0 0.024 0.012  0.0026

0 0 0 0.0067  0.0091

0 0 0 0 0.00057

The computation of the uncertainties can be found in
Appendix B. The P;; reflects the SDE obtained with
continuous-wave laser, proving that the model is consis-
tent with the previous measurement. The drop in fidelity
by P33 and P44 is due to two main factors:

(a) the probability that all the photons are split on dif-
ferent pixels decreases, therefore two photons can end up
on the same pixel and only one will be detected;

(b) even if all the photons are split on different pixels,
all of them have to click to register the corrected event.

Once P is computed, we can use it to reconstruct the statis-
tics of unknown light sources [32,33]. We need to invert
Eq. (1) to retrieve S, the light statistics, hence P needs to
be square to be invertible. Since the matrix has dimen-
sion (N 4+ 1) x M, we need to reduce its dimension by
truncating it. Hence, by neglecting all the P,,, elements
with m > N, we are able to reconstruct only light-source
statistics in which events with more than N photons are
negligible, thus when w is low. In Fig. 6 we report the
reconstructed statistics of Poissonian light with three dif-
ferent u values: for i equal to 0.1 and 0.5 there is a very
good agreement. At u = 1 the reconstruction starts to devi-
ate from the theoretical input, since events with more than
N photons start to be non-negligible. In fact, the detec-
tor saturates when more than N photons are impinging
on it and we lose information about those higher photon-
number events. To overcome this limitation, P-SNSPDs
with a higher number of pixels would allow for a more

0 0 0 0 0
0.0078 0.0049 0.0030 0.0018 0.0011
0.0030 0.0061 0.0079 0.0088 0.0093 (6)
0.0095 0.0092 0.0085 0.0078 0.0070
0.0012 0.0018 0.0024 0.0029 0.0035

(

accurate state reconstruction and provide better fidelity
probabilities [28].

IV. CONCLUSION

In conclusion, we develop a general model that can
be used to characterize the multiphoton absorption prob-
abilities for any multipixel SNSPDs. The model is based
on the possible combination of clicking pixels for a spe-
cific photon-absorption event and we do not make any
assumption on the single-pixel efficiencies and neither on
the light spatial distribution on the detector. We employ
the model on a highly efficient and fast four-pixel P-
SNSPD that displays properties comparable to commercial
single-meander SNSPDs but with the extra feature of PNR
capability and faster recovery time. Thanks to the model,
we are able to access the fidelity probabilities of the
detector, additional information that could not be charac-
terized before, and the full P, matrix that can be used
to reconstruct the statistics of unknown light sources. At
the moment we are limited by the low number of pix-
els, but P-SNSPD seems a promising solution to overcome
TES limitations. However, the number of pixels cannot
grow indefinitely, since the voltage difference between the
n-click events would become too small to be resolved.
Improvement in the design, such as interleaved nanowires,
could improve the fidelity probabilities of P-SNSPD, mak-
ing them a useful tool in optical quantum computation and
quantum metrology.
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APPENDIX A

In this Appendix, we detail the expression for all the P,
values in the matrix P. Since we are considering that the
photons are registered one at the time, it is straightforward
to compute the P, elements keeping the number of clicks
fixed, while letting the number of incident photons m be
variable.

To generate a 0-click event, the detector must not click
m times, therefore the Py,, can be written as

N m
Poy = (1 —Zm) :
i=1

The other P, are constructed as follows (see Fig. 7):

(AD)

(a) the detector misses the first (1) — 1 photons with
y—1
probability (1 -y, n,-) ;
(b) it detects the A}/(l)th photon generating the first click
with probability ) ;" n;;
(c) it can miss photons for other y® — y M — 1 times
L2,
with probability (1 — ZNj:l nj) , Where we

J active

J

m N yO-1 N
Pim = Z <1_Z77i) Zﬂi 1- Zﬂi
i=1 =

J active

m N yh-1
Py, = Z (1 - Z 771')

m

~(1) ~(7)

FIG. 7. Schematic representation of a string of photons arriv-
ing one at a time on the detector. The black circle indicates the
position of the photon within the m group that made the detec-
tor click, whereas the white circles represent the nondetected
photons.

sum over the remaining active pixels j after the first
detection;

(d) it detects the y@th photon generating the second
click with probability ZNF 1 1; where we sum over the

J active

remaining active pixels j after the first detection;

(e) we iterate such an operation depending on the n-
click event we consider;

(f) after the last photon is detected, the remaining

photons  will be  missed with  probability
m—y @™
(1 - ZNk;l ﬁk) .
k active

By enumerating all the possible configurations of absorbed
photons within the m group and all the possible combina-
tions of clicking pixels, we can obtain the P,,, elements.

m—y®

) (A2)

@_,0_
y@—yM-1 —e)

N N
2wl D m :
j=1 k=1

1<yW<y@<m i=1 i=1 j=1, , s
J active  active k active
(A3)
1 y@—yM_q
m yh-1 N
P3m - § (1 — E r]l) E ;i 1 — E nj
1<yW<y@ <yB<pm i=1 i=1 j=l1,
J active
y®_y@_1 m—y®)
N N N N
x a2 m|t= D m > | 1= D m , (A4)
j=1, k=1, k=1, h=1,
J active k active k active h active
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1<y <y @) <y G <y @ < i=1 i=1 j=1,
J active
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N N N N
x 3y 1= D m S| 1=D>" m
j=1 k=1, k=1, h=1,
J active k active | kactive h active
m—y @
N N
X Z | 1— E Ny (AS)
h=1, =1,
h active [l active
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APPENDIX B The number of successful events correspond to the alter-

The sources of error in our setup come from the power
meter (PM), the 99/1 optical coupler (OP), and the three
variable attenuators (ATs). To assess the uncertainty on the
power meter, we measure the laser power with five differ-
ent power meters of the same model and we find that the
standard deviation is 2.52%.

For the optical coupler, we measure the ratio between
the two output power several times and the uncertainty is
0.19%.

The attenuators are recalibrated each measurement
using the powermeter by measuring the ratio between
Pat /Py, where Par is the power value when the attenu-
ation is on, and Py is the power value when the attenuation
is zero. Therefore, the only contribution for the variable
attenuators is represented by their repeatability and is
measured to be 0.12%.

To compute the overall uncertainty on the total number
of photons per second N, sent on the detector, we use the
equation presented in Ref. [14]:

OnN, : opm \” oor \’ OAT 2
(%) =) + () =G o
N, Ppym Rop AT
where Ppy is the power read by the power meter, Rop is
the measured value of the 99/1 optical coupler, AT is the
attenuation value and the o; the associated uncertainties.
Since we cannot use error propagation throughout the
optimization algorithm we carry out Monte Carlo simula-
tions to estimate the error on each P,,, elements. There-

fore, we construct several simulated sets of data, with the
following method:

(i) to obtain the alternative number of counts for a
specific n-click event, we randomly toss a coin N, times
with the probability of success given by the experimental
photon-number distribution Q, recorded by the detector.

native number of n-click events. The O-click events are
obtained by subtracting from N; the 1-, 2-, 3-, and 4-click
events, to ensure that 0, is normalized.

(i1) The error associated to the input light statistics S,
is given by oy, and it is found to be 2.53%. Thus, to
construct the alternative input light statistics S, we ran-
domly choose a mean photon number per pulse i from a
Gaussian distribution centered in u with standard deviation
o = 0.0253 x . This other u is then used to construct the
Poissonian light input statistic ).

O, and S, are feed to the optimization algorithm that
output the matrix P. We compute an average between
the retrieved P and we use the standard deviation as the
uncertainty on each P,,, value.
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