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Abstract: Common methods to achieve photon number res-
olution rely on fast on-off single-photon detectors in con-
junction with temporal or spatial mode multiplexing. Yet,
these methods suffer from an inherent trade-off between
the efficiency of photon number discrimination and photon
detection rate. Here, we introduce a method of photon num-
ber resolving detection that overcomes these limitations
by replacing mode multiplexing with coherent absorption
of a single optical mode in a distributed detector array.
Distributed coherent absorption ensures complete and uni-
form absorption of light among the constituent detectors,
enabling fast and efficient photon number resolution. As a
proof-of-concept, we consider the case of a distributed array
of superconducting nanowire single-photon detectors with
realistic parameters and show that deterministic absorp-
tion and arbitrarily high photon number discrimination
efficiency can be achieved by increasing the number of
detectors in the array. Photon number resolution without
optical mode multiplication provides a simple yet effective
method to discriminate an arbitrary number of photons in
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large arrays of on-off detectors or in smaller arrays of mode
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1 Introduction

Experimental quantum optics relies on detecting light of
extremely low intensity — down to a single-photon level.
Most of the existing single-photon detectors operate in the
on-off regime, irrespective of the number of absorbed pho-
tons. At the same time, some applications such aslinear opti-
cal quantum computation [1-3], quantum communication
and key distribution [4], quantum light sources character-
ization [5], and quantum states preparation [6, 7] require
photon number resolving (PNR) detection [8-10]. Beyond
this, PNR detectors would benefit several fields in the clas-
sical optics domain, including fluorescence-lifetime imaging
microscopy [11], X-ray astronomy [12], lidars [13, 14], elemen-
tary particle detection [15], and medical diagnostic [16-18].

Some types of photomultiplier tubes [19], single-photon
avalanche diodes [20, 21], visible light photon counters
[22,23], and transition edge sensors [24] have intrinsic mech-
anisms that allow resolving the number of photons. Yet,
intrinsic PNR detectors suffer from poor photon number
resolution even at a few photon level (i.e., photomultiplier
tubes, avalanche diodes), high dark count rate (i.e., visible
light photon counters), slow operational rate (i.e., visible
light photon counters, transition edge sensors), extreme
regimes of operation (i.e., transition edge sensors), and
high jitter time. Multiplexing is commonly used to over-
come the limitations of intrinsic PNR detectors. The oper-
ation of multiplexed PNR detectors is based on splitting
the incoming light into multiple temporal [25-27] or spatial
[28-30] modes and detecting these modes independently
by single-photon on-off detectors. This allows the exploita-
tion of state-of-the-art detectors such as superconducting
nanowire single-photon detectors (SNSPDs) [31-33], which
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are characterized by negligible dark count rate, high opera-
tional rate, and low jitter time simultaneously. Importantly,
multiplexed PNR detectors are equivalent to intrinsic PNR
detectors in photon number resolution if the number of
multiplexed modes is large enough [34]. Moreover, multi-
plexing with intrinsic PNR detectors [6] further increases
the maximum number of photons that can be resolved [35].
However, the multiplication of optical modes is associated
with a decrease in temporal performance (temporal multi-
plexing), non-uniform illumination of the constituent detec-
tors (spatial multiplexing), and additional losses (both of
them), which is detrimental to practical PNR detection of
light.

Here, we introduce a method of PNR detection without
optical mode multiplication (Figure 1). Unlike conventional
schemes, our method relies on the coherent detection of
light as a standing wave. We consider a distributed 1D
arrangement of single-photon detectors where each detec-
tor is placed at a separate anti-node of the standing wave.
This positioning of the detectors within a single optical
mode guarantees their equal exposure and, consequently,
uniform light absorption. We show how to tailor the optical
response of constituent detectors so that the entire structure
operates in the regime of total light absorption. This method
can be considered a generalization of the phenomenon of
coherent perfect absorption with a single-layer absorber
[36-51]. For the sake of the following discussion, we present
the case of distributed detectors composed of SNSPDs, but
the method can be immediately applied to the case of any
type of distributed detector.
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2 Results

The system (total) detection efficiency of SNSPD is a prod-
uct of coupling, absorption, and internal efficiencies. In the
following discussion, we only consider the optimization of
absorption efficiency (the ability to absorb the incoming
photons) and uniformity of light absorption among con-
stituent detectors of realistic parameters of SNSPDs, includ-
ing the thickness of superconducting films and the filling
factor of the nanowires. The coupling efficiency (the ability
to deliver photons to the detector) and the internal effi-
ciency (the probability of generating electrical output sig-
nal after photon absorption) of the detectors are taken as
unitary. Nevertheless, deviation from ideal values of cou-
pling and internal efficiencies would result in lower system
detection efficiency in PNR detection but will not affect the
optimized distributed detector design.

2.1 Salisbury screen design for a single-layer
SNSPD

A typical bare meander nanowire used for fabricating
SNSPDs absorbs light weakly and, thus, is unsuitable for
efficient light detection. Even placing such an SNSPD in the
Salishury screen geometry, where a reflector — metallic mir-
ror of distributed Bragg reflector (DBR) is placed beneath
the SNSPD with a A/4-spacer in between, Figure 2A, does not
allow to reach the total light absorption. We demonstrate
this in Figure 2, where we calculate the optical response
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Figure 1: Coherent detection of light with a distributed detector. Multiple SNSPDs are placed at separate anti-nodes of the standing wave,
guaranteeing total and uniform light absorption. A distributed detector can be fabricated in a phase-sensitive design (A), providing control over light
absorption in a full range, or in a phase-insensitive design (B), always operating in the total absorption regime. The inset in (A) shows an
interferometric setup for phase-sensitive detection. SEM images show NbTiN SNSPDs.
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Figure 2: Salisbury screen SNSPD design. (A) The nanowire detecting layer (Det) is separated from the reflector (Refl) by a 1/4-spacer, thus placing
the nanowire at the anti-node of the standing wave. In the calculations, the mirror is treated as a semi-infinite layer with a reflectivity of 99.9%. (B) The
optical response of the structure-reflection R and absorption A, is calculated while sweeping the thickness D of the nanowire. (C) The corresponding
amplitude reflection r coefficient is shown in the circular diagram, where the radial (angular) coordinate defines the magnitude (phase) of r. In (B) and
(C), empty circles and squares mark the beginning (D = 0 nm) and end (D = 50 nm) of the deposition, respectively, while diamonds mark the optimal
thickness. (D) The reflection R and absorption A spectra are calculated for an optimal SNSPD thickness of D, = 15 nm. The nanowires are assumed to
be carved out of a NbTiN film with permittivity e, = (4.21+ i3,87)2 at 1550 nm.

of such a structure assuming a meander nanowire made
of niobium-titanium nitride (NbTiN) film with a standard
filling factor f = 0.5 and incident light polarization parallel
to the meander (grating) slits. In this case, the meander
can be treated within the effective medium approximation
as a uniform film with effective permittivity €. = eg f +
€git(1— f), where eg,, and £y represent the permittivity
of the superconductor nanowire film (NbTiN) and that of the
nanowire surrounding region (dielectric matrix), respec-
tively [52, 53]. In Figure 2B, we calculate how the intensity
reflection R and absorption A =1 — R coefficients (trans-
mission is negligible) of the Salisbury screen structure at
telecom wavelength of 4 = 1550 nm change during deposi-
tion of the nanowire layer (solid line) on top of the spacer
with the refractive index ng, = 1.5. Reflection is suppressed
and absorption reaches unity for the nanowire thickness

of 15 nm. This is the point of maximum absorption of the
SNSPD layer. Further increase of the SNSPD layer thickness
induces a decrease in absorption. The circular diagram in
Figure 2C provides a useful representation of this behavior.
Here, the complex amplitude reflection r coefficient of the
structure is plotted for continuously increasing thickness of
the SNSPD layer (representative thicknesses are indicated
by symbols as in Figure 2B). The thickness of the nanowire
affects mostly the magnitude of r, which reduces to nearly
zero for 15 nm thick nanowire layer. The reflection and
absorption spectra of the Salisbury screen structure with
the 15 nm thick nanowire are shown in Figure 2D, where the
optical constants for the reflector and spacer are assumed
wavelength-independent while the dispersion of NbTiN film
is accounted for. The complex relative permittivity of NbTiN
film was taken from Ref. [54] where it was derived for a 5 nm
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thick film, the typical thickness of optimized SNSPDs (SEM
images in Figure 1). The characteristic oscillations seen in
the optical response are related to the spacer thickness opti-
mized for absorption at 1550 nm.

Although full absorption could be achieved with NbTiN
thickness of 15 nm, practically, the superconducting films
need to be thinner than 10 nm, as the absorbed photon
cannot break superconductivity in thicker layers, and the
internal efficiency drops. As a result, the Salisbury screen is
replaced by a resonant cavity in detectors with high system
efficiency at the expense of sandwiching SNSPD between
complex multilayered structures or extreme phase sensitiv-
ity [55, 56]. Alternatively, nanophotonic structures such as
dielectric gratings and photonic crystals [57, 58] could be
used to achieve perfect absorption in thin SNSPDs. So far,
these structures have been largely unexplored in supercon-
ducting detector implementation.
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2.2 Total absorption by partially absorbing
nanowire layers

The optical response of a bare nanowire meander is shown
in Figure 3. Assuming single side (traveling wave) illumi-
nation, as in Figure 2, we calculate the intensity transmis-
sion T, (red line), reflection R, (blue line), and absorption
A, =1-T, — R, (black line) coefficients of the nanowire
layer as a function of its thickness, Figure 3B. All calcu-
lations are done using the transfer matrix method (see
Methods below) within the effective index approxima-
tion (see Supplementary Materials for comparison with
finite element method simulations). The optical response
shown in Figure 3B reveals that the maximum absorp-
tion is just 50%, which is a fundamental limit of trav-
eling wave absorption of any subwavelength absorptive
layer [59].
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Figure 3: Asingle-layer NbTiN SNSPD absorber. (A) Free-space nanowire absorber with variable thickness D. (B) Optical response is evaluated under
traveling (intensity transmission T,,, reflection R,,, and absorption A,, coefficients) and standing (intensity absorption A, coefficient) wave illumination
as a function of the nanowire thickness D. (C) The corresponding amplitude transmission t,, and reflection r,, coefficients are shown in the circular
diagram, where the radial (anqular) coordinate defines the magnitude (phase) of t,, and r,,. In (B) and (C), empty circles and squares mark the
beginning (D = 0 nm) and end (D = 100 nm) of the deposition, respectively, while diamonds mark the optimal thickness. (D) The transmission T,
reflection Ry, and absorption A, and A, spectra are calculated for an optimal thickness of D, = 30 nm. Similar calculations for NbN and MosSi

SNSPDs are provided in Supplementary Materials.
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On the other hand, this fundamental limit can be over-
come when the partially absorbing film is placed in a
standing wave appearing as a result of interference of two
counter-propagating coherent heams, as in Figure 1A. When
two beams are in phase, the anti-node (maximum electric
field) of the standing wave coincides with the nanowire,
resulting in enhanced absorption (coherent absorption
regime) [37, 42, 48]. The coherent absorption coefficient,
A.ons Of the nanowire for this regime is shown by the
green line in Figure 3B. Compared to traveling wave absorp-
tion, absorption of the standing wave doubles at the opti-
mal thickness, D, = 30 nm, to reach 100%. The nature
of this enhancement is clearly seen in the circular dia-
gram in Figure 3C. Here, the complex amplitude transmis-
sion t, and reflection r,, coefficients are plotted for con-
tinuously increasing film thickness. Amplitude transmission
and reflection coefficients are of equal amplitudes but oppo-
site phases at the optimal film thickness (marked by dia-
monds): t,. ~ 0.5and r, & —0.5. The amplitudes of outgoing
waves on both sides of the SNSPD are given by ¢ + r and thus
cancel, resulting in perfect light absorption. Remarkably,
such a mechanism is effective in an extremely broad range
of wavelengths, resulting in coherent absorption greater
than 93% throughout the entire spectral range and greater
than 99% between 600 and 2200 nm, as shown for the film of
optimal thickness in Figure 3D. This is in stark contrast with
the narrowband operation of the Salisbury screen due to
the presence of a spacer. Conversely, when the input waves
are out of phase, the amplitudes of the outgoing waves,
given by +(t — r), equal the amplitudes of the input waves
and absorption is completely suppressed (coherent trans-
mission regime) [37, 48]. In this case, the nanowire absorber
is positioned at the node of the standing wave, where the
electric field vanishes.

The coherent absorption regime is equivalent to the
Salisbury screen geometry. In the latter case, a standing
wave results from interference between the incident and
reflected on the reflector waves. Due to the A/4-spacer
and z-phase shift on the reflector, the nanowire is always
placed at the anti-node. Thus, while the Salisbury screen
and counter-propagating geometries provide the same max-
imum light absorption, the counter-propagating geometry
provides the additional flexibility to control the absorp-
tion level between zero and unity by changing the mutual
phase of two interfering beams. This may be of interest for
feed-forward protocols or self-configuring optical networks
[60, 61]. At the same time, the interferometric configuration
oflight detection (inset in Figure 1A) relies on a well-defined
mutual phase of interfering beams and, thus, is subject to
the thermal and mechanical noise of the interferometer.
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Stabilization of the interferometer phase [47] will be
required in this case. Conversely, the efficiency of light
absorption in the Salishury screen geometry is insensitive
to phase fluctuations. In all cases, the light source noise and
the quantum state of light do not affect the efficiency of light
absorption (see Note B in Supplementary Materials).

The standing wave picture also suggests a simple way
to achieve total light absorption from nanowire layers of
arbitrarily small thickness. Let us assume the nanowire
layer of optimal thickness D, = 30 nm is “cut” into mul-
tiple sublayers. The sublayers positioned in the same anti-
node of the standing wave would interact equally with
the electric field (unlike the case of a thick absorber
stretching across different regions of the standing wave).
Equivalently, each sublayer may be positioned at different
anti-nodes of the standing wave while experiencing the
same interaction with the electric field. Thus, the optical
response of this distributed structure would be identical
to that of the original single-layer nanowire absorber. For
example, let us consider a distributed structure consisting
of three sublayers (three SNSPDs), Figure 4A, of thickness
Dype/3 =10 nm each. For practical implementation, let us
also assume that the SNSPDs are separated by dielectric
spacers of thickness dg, = 1/(2ng,) rather than free space.
Such spacers are known in thin film optics as “absentee”
layers, as they do not change the reflection of the structure
beneath [62]. Figure 4B shows how the optical response
of the structure changes as the three nanowire sublayers
(Dety, Det,, Det; — solid lines) and the two dielectric spac-
ers (Sp;, Sp,— dashed lines) are deposited consecutively.
The completed structure is characterized by the same opti-
cal response as the original single-layer SNSPD of optimal
30 nm thickness (cf. Figure 3B).

The contribution of each layer of the distributed
absorber can be understood from the circular diagram in
Figure 4C. While the nanowire sublayers change the mag-
nitudes of ¢, and r,, each spacer induces a z-phase shift
for transmission and a 2z-phase shift for reflection, with-
out changing the transmission and reflection magnitudes.
Thus, the response of the entire multilayer structure is ¢, ~
0.5 and r, & —0.5, as required to achieve coherent perfect
absorption. Unlike coherent perfect absorption in the single
nanowire layer with optimal thickness, however, the opti-
cal response of the multilayer structure strongly depends
on wavelength, Figure 4D. Such dependence becomes more
pronounced as the number of layers increases, an issue that
in thin film optics is commonly addressed by introducing
achromatizing layers [62].

Overall, distributed absorbers provide an alternative
architecture to achieve total absorption in SNSPDs without
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Figure 4: Three-layer distributed detector. (A) Distributed detector consists of three nanowire layers - Det,, Det, and Det; and two 4/2-spacers Sp,
and Sp,. The intensity (B) and amplitude (C) coefficients are evaluated continuously as layers are deposited, starting with Det;. In (B) and (C), solid
(dashed) lines correspond to the deposition of the nanowire layers (spacers). Empty circles and squares mark the beginning and end of the deposition.

(D) The spectrum of the entire structure.

the need for complex DBR or optical cavity structures
that are fairly intolerant to the thickness of their compo-
nents [63]. Furthermore, when implemented with indepen-
dent on-off or PNR detectors, distributed coherent perfect
absorption allows photon number resolution methods with-
out spatial or temporal multiplexing.

2.3 Absorption uniformity across
constituent detectors

Let us consider an array of equally spaced nanowire sublay-
ers placed at the anti-nodes of a standing wave, Figure 1A.In
the regime of coherent perfect absorption, this arrangement
allows complete absorption of multiple photons distributed
across the SNSPD array, which may be employed for photon
number resolution.

For accurate photon number resolution, the number of
constituent detectors in the array should be large enough to

reduce the probability of absorbing more than one photon
in the same constituent detector. For instance, to resolve a
two-photon state with a probability of 90%, one would need
atleast 10 detectors (see discussion below). Thus, one should
maximize the number of sublayers into which the optimal
absorber thickness, D, that guarantees coherent perfect
absorption is split. Practically, this can be achieved by reduc-
ing the thickness of each nanowire sublayer (although,
practically, it is challenging to fabricate high quality super-
conducting films thinner than 5 nm), or by decreasing the
filling factor of the nanowire meanders in each sublayer
absorber. In Figure 5A, the optimal thickness is plotted as a
function of the filling factor f (solid blue line). Empty circles
mark D, = dNp,, where d =5 nm is the thickness of each
nanowire sublayer and Np,, = 5, 10, 15 is the number of
layers (detectors) into which D, can be “cut”. The horizon-
tal coordinates of these points (dashed vertical lines) define
the filling factor of the nanowire meanders. On the same
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Figure 5: Performance of a multilayer distributed detector. (A, left vertical axis): Optimal thickness (solid purple line) of a single-layer SNSPD as a
function of the filling factor. (A, right vertical axis): absorption (traveling wave) of a 5 nm thick nanowire as a function of the filling factor (dashed black
line). Empty circles mark parameters for fabricating five-, ten-, and fifteen-layer distributed detectors. (B)-(D) For these three cases, circular diagrams

and absorption per layer (under a standing wave illumination) are shown.

graph, we plot the absorption of a single bare nanowire
sublayer (5 nm thick) under traveling wave illumination
as a function of the filling factor (dashed black line). For
instance, a distributed detector can be built out of five, ten
or fifteen nanowire sublayers with a thickness of 5 nm each
and a filling factor of 0.61, 0.30, and 0.20, respectively. A
single bare nanowire with these parameters would absorb
just 28%, 17%, and 12% of light.

The number of sub-layers and their individual absorp-
tion are tightly interlinked with the absorption uniformity
achievable throughout the detectors. Since the optical thick-
ness of each constituting absorber is finite, absorption is
not uniformly distributed. Non-uniform absorption would
then result in some detectors having higher multi-photon
absorption probability, which effectively reduces the pho-
ton number resolution of the array.

To quantify the uniformity of light absorption, we intro-
duce the absorption non-uniformity parameter A as the
standard deviation of the absorption per layer from uni-
form absorption:

Npet 2

1 A
A = A . _ “Icoh ,
o 2y (Ao 322)

Det j—1

where A, and Ay ; are the total coherent absorption
of the distributed detector and coherent absorption of
the ith layer, respectively, and Np, is the number of
the detecting layers in the structure. By dividing A by
A = % 4/Npet — 1 which holds when all the absorption
happens in one constituent detector (maximum absorp-
tion non-uniformity), one can define the normalized non-
uniformity parameter:
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The parameter A, ., varies between zero for uni-
form absorption, A, ; = Acon/Npe @and unity for maxi-
mally non-uniform absorption.

Figure 5B-D shows the circular diagrams and absorp-
tion per layer (under a standing wave illumination) of
representative distributed detector structures with the
number of sublayers Ny, = 5, 10 and 15. The circular dia-
gram for the five-layer detector, Figure 5B (left), shows that
the entire structure fulfills the required optical response
of t, ~ 0.5 and r, =~ —0.5 with conventional 5nm thick
nanowire detectors with 0.61 filling factor. The absorp-
tion uniformity of such structure is shown in Figure 5B
(right). As the total thickness of five sublayers (25 nm) is
well within the subwavelength approximation, the absorp-
tion is uniform, with negligible non-uniformity parameter
Aporm = 0.0008. Increasing the number of sublayers to ten
requires a reduction of the filling factor of each nanowire
absorber to 0.30 (Figure 5A) to achieve the required optical
response, Figure 5C (left). Absorption remains rather uni-
form throughout the ten sublayers, with A, ., = 0.0022,
Figure 5C (right). Note that, for any distributed detector
with an even number of layers, transmission and reflection
coefficients are in phase, t, ~ —0.5 and r,, & —0.5. Such a
detector absorbs out-of-phase counter-propagating beams
or A/4-shifted standing wave [48, 49, 51]. For a fifteen-layer
distributed detector composed of nanowire sublayers with
a filling factor of 0.20 (Figure 5A), deviation from the sub-
wavelength approximation is still tolerable. While the phase
difference between ¢t and ry,. slightly decreases, Figure 5D
(left), the total coherent absorption reaches 98% with
uniform absorption per layer, A, = 0.0040, Figure 5D
(right).

To increase the number of layers even further, an addi-
tional optimization would be required where the more gen-
eral condition t,. ~ +r,. < 0.5canbereached with detectors
oflarger total thickness. The latter condition still guarantees
perfect absorption but not perfect transmission. At the same
time, a distributed detector can be used as a unit cell for spa-
tial or temporal multiplexing, increasing the total number
of detectors by order of magnitude. In the former case, a 3D
detector can be assembled with multiplication in all three
spatial coordinates.

In addition to PNR capability, a multilayered dis-
tributed structure can substantially improve the tempo-
ral performance of single-photon detection in two ways.
First, constituent nanowire sublayers have a lower filling
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factor and, thus, shorter nanowires. This, in turn, decreases
the kinetic inductance of the nanowire, shortening the
detectors’ recovery time (recovery time is inversely propor-
tional to the kinetic inductance). Second, multiple sublay-
ers prevent two consecutive photons from being absorbed
within the same sublayer allowing higher photon flux to
be registered. Also, such detectors can be used to measure
light correlation functions: for instance, the g1 function can
be measured in the interferometric configuration, as in the
inset in Figure 1A with an additional delay line in one arm
of the interferometer, or the g2 function can be measured by
recording coincidence counts between different detecting
layers as the function of electronic delay.

2.4 Photon-number resolution with a
distributed detector

In this section, we first reproduce the framework for ana-
lyzing PNR detection in conventional (incoherent) schemes,
like spatial and temporal multiplexing, following Refs.
[64, 65]. Then, we apply this procedure to coherent detection
with a distributed detector and analyze in detail the perfor-
mance of the ten-layer distributed SNSPD introduced in the
previous section.

According to the postulate of quantum mechanics, the
measurement procedure is described by a set of mea-
surement operators and a corresponding transformation
of the quantum state after the measurement. When the
latter is of no interest, as in the case of light detection
where photons are absorbed, the POVM (“positive operator-
valued measure”) formalism is widely used [66]. For a sin-
gle on-off detector, like SNSPD, the POVM set (set of oper-
ators describing the measurement process) consists of two
operators [64]

Zo=10%0] =e™® and 7%, =1- 7,
which are associated with the corresponding outcomes of
the measurement: zero and one count. Here |0) is the vac-
uum state and A is number operator for the input light.
The term : e~": originates from the photocounting formula

normal ordering of operators. The POVM set is complete,
#¢ + 7, = 1, which is required for probabilities of getting
zero, p(0) = (7,), and one, p(1) = (), counts to sum up to
unity. Here, (...) denotes averaging over the quantum state
of the input light. For a realistic detector with the efficiency
n (ignoring dark counts), these probabilities are modified as

p(0) = <: e‘”f’:> and pQ) = <:i —e M > ()]
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For spatial multiplexing, where N such on-off detectors
monitor the input light, the probability of getting k counts is
[64]

P(K) = <: WNLik)!(e-"%)N_k(i e )k: > @

where uniform illumination is assumed. The same formula
holds for the detection of N pulses in temporal multiplexing.
In the Fock basis, Eq. (2) can be written (for # = 1) as [64]

[+ k i N
_ Nl 1 1/ (k —J)
Pl = Z (N —Kk)! Nn (Z ]-,(k_]-)!>ln><n|>. (€))

n=k j=0

By averaging over the input state of light, expressed
in a Fock basis as well, this formula allows to find the
photocounting statistics. Alternatively, the detector can be
described by a set of conditional probabilities P(k|m) of
getting k counts given m input photons. Again, by using
the Fock state representation, the photocounting statistics
can be derived for any state from these probabilities. The
expression for P(k|m) for a set of on-off detectors was
derived in Ref. [65] as:

1 (N)< k
P(k|m) = —— _ _(N— m
(k|m) N’"(k)l§=o( 1)<l>[N N —k+Dn", @

where the effect of non-ideal efficiency of constituent detec-
tors is accounted for. Equation (4) is equivalent to (2) and (3)
if the number state |m) is used for quantum averaging in (2)
and (3).

The above formalisms are valid for the distributed
detector as well, with one exception. As discussed earlier, the
coherent detection scheme guarantees perfect and uniform
absorption of the incoming light, irrespective of the absorp-
tion of constituent detectors. Therefore, while in Eqs. (2)-(4)
the constituent detectors are described by (1) with (absorp-
tion) efficiency # < 1(or even «1), for the entire distributed
detector # =1 (assuming unity coupling and intrinsic effi-
ciencies, as discussed above). In Figure 6, we compare the
performance of coherent and incoherent detection schemes
at detecting two- and three-photon number states. The solid
black line shows the probability of getting the correct mea-
surement — two, Figure 6A, and three, Figure 6B, counts for
the distributed detector. This result also holds for spatial
and temporal multiplexing with 100% efficient detectors.
The vertical gray dashed line corresponds to the detector
composed of ten constituent detectors. The probability of
getting the correct measurement is 90% and 74% for two
and three-photon detection, respectively. The probability
drops to 81% and 64% (69% and 54%) for the incoherent
detection with the efficiency of each constituent detector of
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95% (dashed blue line) and 90% (dotted red line), accord-
ingly. As the efficiency of each constituent detector in the
ten-layer distributed detector is just 17%, we also show the
performance of the incoherent scheme composed of such
constituent detectors (dash-dotted green line). The proba-
bility of correct detection, in this case, is just about 2.6%
for a two-photon and 0.4% for a three-photon detection.
For all described detection scenarios, we plot counts dis-
tribution on the right-hand side of Figure 6A and B. The
difference between the upper left (gray) and bottom right
(green) distributions, corresponding to detection with the
same constituent detectors but arranged according to coher-
ent and incoherent detection schemes, clearly demonstrates
the advantage of coherent detection over conventional mul-
tiplexing schemes when the efficiency of individual detec-
tors is not unitary.

Another test for the efficiency of photon number reso-
lution is the observation of non-classicality in photon num-
ber distributions for quantum states of light, such as the
squeezed vacuum state. The true distribution is,

1 tanh & o
cosh & 2 [(n/2)!1%°
0, foroddn,

forevenn,

Py (n) =

where £ is the squeezing parameter and n is the number
of photons. Accounting for the detectors’ response (4), we
evaluate count distribution, Figure 7, for the four scenar-
ios discussed above assuming ¢ = 1. The non-classicality of
the state is apparent for the ten-layer distributed detector,
Figure 7A, especially for low-count events: probabilities of
one (1.9%) and three (3.8%) counts are noticeably lower
than probabilities of two (17.4%) and four (5.6%) counts
which are close to the true distribution. For the incoherent
detection schemes with 95% and 90% efficient constituent
detectors, Figure 7B and C, the distribution blurs, hiding the
nonclassical features of the squeezed state’s photocounting
statistics. Finally, for the incoherent detection with 17% effi-
cient detectors, the true distribution completely vanishes,
and approaches the distribution of the Glauber coherent
(classical) state.

2.5 Robustness against fabrication
imperfections

Importantly, a multilayered distributed detector is robust
against fabrication imperfections. Let us illustrate in detail
the case of a five-layer detector. We ran a statistical (Monte-
Carlo) simulation for the ensemble of one thousand dis-
tributed detectors (samples), allowing for the thickness of



514 = A.N.Vetlugin et al.: Photon number resolution without optical mode multiplication

DE GRUYTER

(A) 1.0 10 -
Fry
0.8 ] == n=095
E b3 1 =5 true
[=]
ey &
= 06
L
0.0 - T
©
o 1.0
o 04
e
e =
3 == 7=0.90
0.2 20575 true
e
o
0.0
0.0 -
o 1 2 3
Counts Counts
(B) -
1.0 : T ™
ro [
> l b
= 1 1
0.8 a EE n=1.0 B =095
m 05 = e L | e
a =4 true -4 true
Fey £
= 0.6 v
Qo o Iy i
= i 1.0 — =
o 0.4 i o by
b= ! 55 ¢ | i
= : z ' ||
I = == =090 1!
0.2 i B 05 7e77 tue
! . =]
i Three-photon detection &
]
0‘0 = —-—o..-.-..-—-: ————————————————— —

N— = IJ.
10? 102
Number of detectors

0.0 +—
¢ 1. 2 3

Counts

Counts

Figure 6: Photon number resolution with coherent and incoherent detection. (A, left): The probability of getting two clicks assuming detection of a
two-photon number state as a function of the number of constituent detectors. Efficiency of each constituent detector is 100% (solid black line), 95%
(dashed blue line), 90% (dotted red line), and 17% (dash-dotted green line). (A, right): The distribution of detection clicks for these four scenarios.

(B) Same but for detection of a three-photon number state. For conventional incoherent schemes: the probability of correct photon number
measurement drops exponentially with the efficiency of constituent detectors. For a coherent scheme with a distributed detector: efficient photon
number resolution can be implemented with inefficient constituent detectors.

each layer — nanowire and spacer, to randomly fluctu-
ate within a +5% interval around the nominal values. As
shown in Figure 8, in spite of the realistic variation in lay-
ers thickness, the amplitude transmission and reflection
coefficients are still grouped around the optimal values
of equal magnitudes and opposite phases, Figure 8A. As
a result, almost three-quarters of the samples still show
complete absorption (within 99%-100%), and all of them
absorb more than 95% of light, Figure 8B. The absorp-
tion non-uniformity parameter A, varies insignificantly
among the samples but is less than 0.03 in most of the
cases, Figure 8C, revealing an anti-correlation between
the absorption of the different nanowire sublayers: the
decrease in absorption of one (or few) of the sublayers
is compensated by the increase in absorption of other

sublayers. Absorption of each sublayer falls in a narrow
distribution around the nominal value, as shown in the inset
of Figure 8C.

2.6 Generalized requirements for
distributed absorbers

In previous sections, we built distributed detectors by start-
ing with a single-layer absorber of the optimal thickness tak-
ing into account superconducting material and nanowire
design parameters. This single-layer absorber was “cut”
into multiple sublayers placed at different anti-nodes of the
standing wave. Under these assumptions, the standing wave
picture guarantees that the distributed detector retains the
optical response of the original layer with optimal thickness,
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Figure 7: Measurement of photon statistics of the vacuum squeezed state (with the squeezing parameter & = 1). Bar charts show the distribution of
counts for incoherent detection with ten constituent detectors with the efficiency of 100% (A), 95% (B), 90% (C), and 17% (D). Dashed bars represent the
true distribution. For incoherent detection with 17% efficient constituent detectors (D), the true distribution (dashed columns) is completely wiped in
the measured distribution (green). For coherent detection with the same constituent detectors, the gray distribution in (A), close to the true

distribution, holds.
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Figure 8: Statistical simulation of fabrication imperfection for the five-layer distributed detector. An ensemble of one thousand samples is generated
where, for each sample, the thickness of nanowire sublayers and spacers is chosen randomly with fluctuation +5% around the nominal values.

(A) Optical response under traveling wave illumination within the ensemble. Due to the asymmetry of the structure, the reflection coefficient is slightly
different for illumination from the left, r,, (blue dots), and right, r/. (black dots), sides. (B) Fluctuation of coherent absorption in the ensemble. The inset
shows the coherent absorption of each sample. (C) Fluctuation of the absorption non-uniformity in the ensemble. The inset shows the fluctuation of
the absorption per each nanowire sublayer in the ensemble.

as well as uniformity of absorption. In general, for a dis- the amplitude transmission (t), reflection (r), and intensity
tributed detector with M-sublayers of any nature operating absorption (A) coefficients of each sublayer should satisfy
in the counter-propagating geometry (as in Figure 1A), the following conditions (Supplementary Materials):
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2M

M r= 1 A= ——0.
M+1)

t= Tt =TT and (5)
Here, the sublayers are assumed to be of a subwave-
length thickness and spaced by A/2-spacers. The optical
response (5) can be achieved by proper design or adjusted
empirically. This result is a generalization of what was
presented above for multilayered SNSPD detectors. For
instance, according to (5), each constituent detector of a five-
layer distributed detector should absorb 28% of light under
traveling wave illumination. This is precisely the value we
estimated for the five-layer SNSPD detector (Figure 5A).
Similarly, the constituent sublayers of a K-layer dis-
tributed detector operating in the Salisbury screen geome-
try (as in Figure 1B) should possess the following amplitude
transmission (t'), reflection (r’), and intensity absorption

(A") coefficients (Supplementary Materials):

2K ;o 1 , 4K

= &K - 1 o oa=
W+1 K+1 O

t - =
QK + 1)

. (6)

Comparison of (5) and (6) reveals that, for distributed
detectors with the same number of sublayers, K = M, sub-
layers should be less absorptive in the Salisbury screen
geometry than in the counter-propagating configuration.
Equivalently, given a certain optical response of the con-
stituent detectors, half as many detectors are required in the
Salisbury screen geometry, K = M/2.

3 Discussion and conclusions

The coherent detection scheme proposed here has clear
advantages over incoherent temporal multiplexing schemes
as it does not delay acquisition beyond the intrinsic time
resolution of the constituent detectors. In fact, by relieving
requirements on absorption, coherent detection generally
allows for shorter, therefore faster SNSPDs. With respect to
spatial multiplexing schemes, the performance of coherent
PNR detectors should be discussed in the context of their
applications.

“Single-shot” applications, like certain linear optical
quantum computing and quantum communication proto-
cols, rely on the identification of the number of photons
in every input optical pulse to determine the success of
the quantum computing trial or safety and reliability of
the communication [1-4]. Such applications require PNR
detectors that can efficiently discriminate between one- and
multi-photon states within a single shot. For spatially mul-
tiplexed incoherent detection, a 10 X 10 matrix made of
SNSPDs with the efficiency of 90-95% would yield 80-90%
2-photon state resolution probability, Figure 6A. If one
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combined the coherent detection scheme with multiplexed
PNRs, a 2-layer 7 X 7 matrix or a 3-layer 6 X 6 matrix with
approximately the same total number of the same detectors
could readily yield 100% 2-photon state resolution proba-
bility if the absorption of the constituent detector arrays is
properly adjusted (e.g., by varying the filling factor of the
nanowire meander).

On the other hand, applications like quantum light
source characterization or heralded quantum states prepa-
ration may operate in the “acquisition” regime: even if the
PNR detectors are not very efficient, it is possible to wait a
certain period of time to acquire statistics for source charac-
terization or to realize a particular outcome of detection for
state preparation [5, 6, 67]. The waiting time, however, scales
exponentially with the detector’s efficiency. While increas-
ing the efficiency of spatially multiplexed PNRs may be chal-
lenging due to detector proximity and thermal crosstalk,
stacking of the same SNSPDs in a multilayer structure for
coherent detection could become viable.

In conclusion, we have demonstrated an alternative
method of photon number resolution which combines a
coherent detection scheme and distributed arrangement
of single-photon detectors. In contrast to conventional
schemes operating by multiplexing optical modes in space
or time, our method is based on the interaction of con-
stituent detectors with a single optical mode. This results
in perfect and uniform absorption of the incoming light,
both of which are crucial for PNR detection. The coher-
ent detection can be designed in a phase-sensitive counter-
propagating geometry, where the absorption level can be
controlled from 0 to 100%. This design can be of interest
for feed-forward protocols or self-configuring optical net-
works. When this functionality is not required, the phase-
insensitive Salisbury screen design can be used instead,
where a distributed detector always operates in the perfect
absorption regime. Given the maturity of multilayer depo-
sition technology, the fabrication of distributed detectors is
feasible and can be performed with high precision. We note
thatbeyond quantum light detection, coherent schemes pro-
vide benefits for other protocols of quantum optics as well,
including quantum memory [68] and deterministic entan-
glement generation in multinodal quantum networks [51].

Finally, we would like to note that while we based our
analysis on thin detectors in the subwavelength approx-
imation, which is well suited to describe SNSPDs, transi-
tion edge sensors and superconducting microbridges, it is
straightforward to generalize the analysis to any constituent
detectors of arbitrary thickness, including single-photon
avalanche diodes. Thus, coherent detection with distributed
absorption provides a general method for robust and
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efficient PNR detection in various quantum technology
platforms.

4 Methods

The transfer matrix method is widely used to calculate the optical
response of multilayer structures assuming single-side illumination.
The transfer matrix matches the input and output fields of the struc-

ture,
AO =M Asuh ,
B 0 B sub

where A, By, and A, are amplitudes of input, reflected and transmit-
ted waves, respectively. The amplitude B, is set to zero as nonphysical
for single-side illumination:

AO — Asuh
©s) o

The transfer matrix M results from the consecutive multiplication
of matrices describing the transformation of the fields on interfaces and
matrices describing propagation within layers [69]. For illumination

from the opposite side:
0 Al
<B6> = thal (Bzzs)v (8)

where A’ , B’ and B/ are amplitudes of input, reflected and transmit-
sub’ ~sub 0

ted waves, respectively. Thus the coherent illumination of the structure
is a sum of (7) and (8), where the phase difference between the input
fields should be accounted for. By decomposing the transfer matrix on
the constituent matrices, the amplitudes of the fields can be restored at
any point within the structure, and accordingly, the absorption of each
layer can be evaluated.

Author contribution: All the authors have accepted respon-
sibility for the entire content of this submitted manuscript
and approved submission DOL

Research funding: This research was supported by the
National Research Foundation, Singapore and A*STAR
under the Quantum Engineering Programme (QEP-P1 and
NRF2021-QEP2-01-P01), and by the Ministry of Education,
Singapore under the Tier 3 Programme (MOE2016-T3-1-006
(S)).

Conflict of interest statement: The authors declare no con-
flicts of interest regarding this article.

Data availability: Concepts discussed in this manuscript
were first disclosed in “Method for photon number
resolving detection without optical mode multiplication”,
Singapore provisional patent application No. 10202105111Q
(filed on 17 May 2021). PCT Patent Application No.
PCT/SG2022/050318 filed on 13 May 2022, claiming priority
to Singapore provisional patent application number
10202105111Q. The data that support the findings of this
study are openly available in NTU research data repository
DR-NTU (data) at https://doi.org/10.21979/N9/RK66KK.

A. N. Vetlugin et al.: Photon number resolution without optical mode multiplication == 517

References

[1] E.Knill, R. Laflamme, and G. J. Milburn, “A scheme for efficient
quantum computation with linear optics,” Nature, vol. 409, p. 46,
2001.

[2] P. Kok, W.]. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling, and
G. J. Milburn, “Linear optical quantum computing with photonic
qubits,” Rev. Mod. Phys., vol. 79, p. 135, 2007.

[3] M. Varnava, D. E. Browne, and T. Rudolph, “How good must single
photon sources and detectors Be for efficient linear optical
quantum computation?” Phys. Rev. Lett., vol. 100, p. 060502,

2008.

[4] M. Cattaneo, M. G. A. Paris, and S. Olivares, “Hybrid quantum key
distribution using coherent states and photon-number-resolving
detectors,” Phys. Rev. A, vol. 98, p. 012333, 2018.

[5] R.H.Hadfield, M. ]. Stevens, S. S. Gruber, et al., “Single photon
source characterization with a superconducting single photon
detector,” Opt. Express, vol. 13, p. 10846, 2005.

[6] G.Harder,T.).Bartley, A. E. Lita, S. W. Nam, T. Gerrits, and
C. Silberhorn, “Single-mode parametric-down-conversion states
with 50 photons as a source for mesoscopic quantum optics,”
Phys. Rev. Lett., vol. 116, p. 143601, 2016.

[71 D.A.Kuts, M. S. Podoshvedov, B. A. Nguyen, and S. A.
Podoshvedov, “Realistic conversion of single-mode squeezed
vacuum state to large-amplitude high-fidelity Schrédinger cat
states by inefficient photon number resolving detection,” Phys.
Scr., 2022. https://doi.org/10.1088/1402-4896/ac955f.

[8] R.H.Hadfield, “Single-photon detectors for optical quantum
information applications,” Nat. Photonics, vol. 3, p. 696, 2009.

[9]1 C.Chunnilall, I. P. Degiovanni, S. Kiick, I. Miiller, and A. Sinclair,
“Metrology of single-photon sources and detectors: a review,” Opt.
Eng., vol. 53, p. 081910, 2014.

[10] S.Steinhauer, S. Gyger, and V. Zwiller, “Progress on large-scale
superconducting nanowire single-photon detectors,” Appl. Phys.
Lett., vol. 118, p. 100501, 2021.

[11]1 W. Becker, Advanced Time— Correlated Single Photon Counting
Techniques, Berlin, Heidelberg, Springer, 2005.

[12] A.D.Holland, G. W. Fraser, P. Roth, et al., “Transition edge sensors
for X-ray astronomy,” Nucl. Instrum. Methods Phys. Res. Sect. A: Accel.
Spectrom. Detect. Assoc. Equip., vol. 436, p. 226, 1999.

[13] J. Huang, M. Ren, Y. Liang, et al., “Photon-counting laser ranging
with InGaAs/InP avalanche photodiode in the passively quenched
and 1-GHz sinusoidally gated,” Optik, vol. 125, p. 3744, 2014.

[14] P. Gatt, S. Johnson, and T. Nichols, “Geiger-mode avalanche
photodiode ladar receiver performance characteristics and
detection statistics,” Appl. Opt., vol. 48, p. 3261, 2009.

[15] M. Yokoyama, T. Nobuhara, M. Taguchi, et al., SNIC Symposium,
California, Stanford, 2007, p. 1511.

[16] S.Weigel, S. Berkemeyer, R. Girnus, A. Sommer, H. Lenzen, and
W. Heindel, “Digital mammography screening with photon-
counting technique: can a high diagnostic performance Be realized
at low mean glandular dose?” Radiology, vol. 271, p. 345, 2014.

[171 J. Berglund, H. Johansson, M. Lundqvist, B. Cederstrém, and
E. Fredenberg, “Energy weighting improves dose efficiency in
clinical practice: implementation on a spectral photon-counting
mammography system,” /. Med. Imaging, vol. 1, p. 031003, 2014.

[18] A.Pourmorteza, R. Symons, V. Sandfort, et al., “Abdominal
imaging with contrast-enhanced photon-counting CT: first human
experience,” Radiology, vol. 279, p. 239, 2016.


https://doi.org/10.21979/N9/RK66KK
https://doi.org/10.1088/1402-4896/ac955f

518 == A.N.Vetlugin et al.: Photon number resolution without optical mode multiplication

(9]

G. Zambra, M. Bondani, A. S. Spinelli, F. Paleari, and A. Andreoni,
“Counting photoelectrons in the response of a photomultiplier
tube to single picosecond light pulses,” Rev. Sci. Instrum., vol. 75,
p. 2762, 2004.

[20] J. Blazej, “Photon number resolving in geiger mode avalanche

[21]

photodiode photon counters,” J. Mod. Opt., vol. 51, p. 1491, 2004.
B. E. Kardynat, Z. L. Yuan, and A. J. Shields, “An avalanche-
photodiode-based photon-number-resolving detector,” Nat.
Photonics, vol. 2, p. 425, 2008.

[22] J. Kim, S. Takeuchi, Y. Yamamoto, and H. H. Hogue, “Multiphoton

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31

[32]

[33]

detection using visible light photon counter,” Appl. Phys. Lett.,

vol. 74, p. 902, 1999.

E. Waks, K. Inoue, W. D. Oliver, E. Diamanti, and Y. Yamamoto,
“High-efficiency photon-number detection for quantum
information processing,” IEEE J. Sel. Top. Quantum Electron., vol. 9,
p. 1502, 2003.

D. Fukuda, G. Fujii, T. Numata, et al., “Titanium-based
transition-edge photon number resolving detector with 98%
detection efficiency with index-matched small-gap fiber coupling,”
Opt. Express, vol. 19, p. 870, 2011.

M. J. Fitch, B. C. Jacobs, T. B. Pittman, and J. D. Franson,
“Photon-number resolution using time-multiplexed single-photon
detectors,” Phys. Rev. A, vol. 68, p. 043814, 2003.

D. Achilles, C. Silberhorn, C. éliwa, K. Banaszek, and I. A. Walmsley,
“Fiber-assisted detection with photon number resolution,” Opt.
Lett., vol. 28, p. 2387, 2003.

M. Avenhaus, K. Laiho, M. V. Chekhova, and C. Silberhorn,
“Accessing higher order correlations in quantum optical states by
time multiplexing,” Phys. Rev. Lett., vol. 104, p. 063602, 2010.

A. Divochiy, F. Marsili, D. Bitauld, et al., “Superconducting
nanowire photon-number-resolving detector at
telecommunication wavelengths,” Nat. Photonics, vol. 2, p. 302,
2008.

S. Miki, T. Yamashita, Z. Wang, and H. Terai, “A 64-pixel NbTiN
superconducting nanowire single-photon detector array for
spatially resolved photon detection,” Opt. Express, vol. 22, p. 7811,
2014.

E. E. Wollman, V. B. Verma, A. E. Lita, et al., “Kilopixel array of
superconducting nanowire single-photon detectors,” Opt. Express,
vol. 27, p. 35279, 2019.

F. Mattioli, Z. Zhou, A. Gaggero, et al., “Photon-number-resolving
superconducting nanowire detectors,” Supercond. Sci. Technol.,
vol. 28, p. 104001, 2015.

G. N. Gol'tsman, O. Okunev, G. Chulkova, et al., “Picosecond
superconducting single-photon optical detector,” Appl. Phys. Lett.,
vol. 79, p. 705, 2001.

1. Esmaeil Zadeh, J. Chang, J. W. N. Los, et al., “Superconducting
nanowire single-photon detectors: a perspective on evolution,
state-of-the-art, future developments, and applications,” App!.
Phys. Lett., vol. 118, p. 190502, 2021.

[34] J. Provaznik, L. Lachman, R. Filip, and P. Marek, “Benchmarking

[35]

photon number resolving detectors,” Opt. Express, vol. 28,

p. 14839, 2020.

T. Gerrits, B. Calkins, N. Tomlin, et al., “Extending single-photon
optimized superconducting transition edge sensors beyond the
single-photon counting regime,” Opt. Express, vol. 20, p. 23798,
2012.

[36]

B37]

[38]

391

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

511

[62]

[53]

[54]

DE GRUYTER

Y. D. Chong, L. Ge, H. Cao, and A. D. Stone, “Coherent perfect
absorbers: time-reversed lasers,” Phys. Rev. Lett., vol. 105,

p. 053901, 2010.

J. F.Zhang, K. F. MacDonald, and N. I. Zheludev, “Controlling
light-with-light without nonlinearity,” Light Sci. Appl., vol. 1, p. €18,
2012

X. Fang, K. F. MacDonald, and N. I. Zheludev, “Controlling light
with light using coherent metadevices: all-optical transistor,
summator and invertor,” Light Sci. Appl., vol. 4, p. €292, 2015.

D. G. Baranov, A. Krasnok, T. Shegai, A. Alu, and Y. D. Chong,
“Coherent perfect absorbers: linear control of light with light,” Nat.
Rev. Mater., vol. 2, p. 17064, 2017.

E. Plum, K. F. MacDonald, X. Fang, D. Faccio, and N. L. Zheludev,
“Controlling the optical response of 2D matter in standing waves,”
ACS Photonics, vol. 4, p. 3000, 2017.

S. M. Barnett, J. Jeffers, A. Gatti, and R. Loudon, “Quantum optics of
lossy beam splitters,” Phys. Rev. A, vol. 57, p. 2134, 1998.

T. Roger, S. Vezzoli, E. Bolduc, et al., “Coherent perfect absorption
in deeply subwavelength films in the single-photon regime,” Nat.
Commun., vol. 6, p. 7031, 2015.

T. Roger, S. Restuccia, A. Lyons, et al., “Coherent absorption of
NOON states,” Phys. Rev. Lett., vol. 117, p. 023601, 2016.

C. Altuzarra, S. Vezzoli, ). Valente, et al., “Coherent perfect
absorption in metamaterials with entangled photons,” ACS
Photonics, vol. 4, p. 2124, 2017.

A. U. C. Hardal and M. Wubs, “Quantum coherent absorption of
squeezed light,” Optica, vol. 6, p. 181, 2019.

A. N. Vetlugin, R. Guo, A. Xomalis, et al., “Coherent perfect
absorption of single photons in a fiber network,” Appl. Phys. Lett.,
vol. 115, p. 191101, 2019.

S. Yanikgonul, R. Guo, A. Xomalis, et al., “Phase stabilization of a
coherent fiber network by single-photon counting,” Opt. Lett.,
vol. 45, p. 2740, 2020.

A. N. Vetlugin, “Coherent perfect absorption of quantum light,”
Phys. Rev. A, vol. 104, p. 013716, 2021.

A.N. Vetlugin, R. Guo, C. Soci, and N. I. Zheludev,
“Anti-Hong-Ou-Mandel effect with entangled photons,”
arXiv:2105.05444 [quant-ph], 2021.

A. N. Vetlugin, C. Soci, and N. L. Zheludev, “Modeling quantum
light interference on a quantum computer,” Appl. Phys. Lett.,

vol. 121, p. 104001, 2022.

A. N. Vetlugin, R. Guo, C. Soci, and N. I. Zheludev, “Deterministic
generation of entanglement in a quantum network by coherent
absorption of a single photon,” Phys. Rev. A, vol. 106, p. 012402,
2022.

E. F. C. Driessen, F. R. Braakman, E. M. Reiger, S. N. Dorenbos,

V. Zwiller, and M. J. A. de Dood, “Impedance model for the
polarization-dependent optical absorption of superconducting
single-photon detectors,” Eur. Phys. J. Appl. Phys., vol. 47, p. 10701,
2009.

V. Anant, A. J. Kerman, E. A. Dauler, J. K. W. Yang, K. M. Rosfjord,
and K. K. Berggren, “Optical properties of superconducting
nanowire single-photon detectors,” Opt. Express, vol. 16, p. 10750,
2008.

A. Banerjee, R. M. Heath, D. Morozov, et al., “Optical properties of
refractory metal based thin films,” Opt. Mater. Express, vol. 8,

p. 2072, 2018.



DE GRUYTER

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

(631

D. V. Reddy, R. R. Nerem, S. W. Nam, R. P. Mirin, and V. B. Verma,
“Superconducting nanowire single-photon detectors with 98%
system detection efficiency at 1550 nm,” Optica, vol. 7, p. 1649,
2020.

P. Hu, H. Li, L. You, et al., “Detecting single infrared photons
toward optimal system detection efficiency,” Opt. Express, vol. 28,
p. 36884, 2020.

H. Li, M. Qin, L. Wang, X. Zhai, R. Ren, and J. Hu, “Total absorption
of light in monolayer transition-metal dichalcogenides by critical
coupling,” Opt. Express, vol. 25, p. 31612, 2017.

L. Huang, A. Krasnok, A. AlG, Y. Yu, D. Neshev, and

A. E. Miroshnichenko, “Enhanced light—matter interaction in
two-dimensional transition metal dichalcogenides,” Rep. Prog.
Phys., vol. 85, p. 046401, 2022.

S. Thongrattanasiri, F. H. L. Koppens, and F. J. Garcia de Abajo,
“Complete optical absorption in periodically patterned graphene,”
Phys. Rev. Lett., vol. 108, p. 047401, 2012.

D. A. B. Miller, “Self-configuring universal linear optical
component [invited],” Photonics Res, vol. 1, p. 1, 2013.

D. A. B. Miller, “Analyzing and generating multimode optical fields
using self-configuring networks,” Optica, vol. 7, p. 794, 2020.

R. R. Willey, Field Guide to Optical Thin Films, Bellingham,
Washington, SPIE, 2006.

J. Chang, J. W. N. Los, J. O. Tenorio-Pearl, et al., “Detecting telecom
single photons with 99.5—2.07+0.5% system detection efficiency
and high time resolution,” APL Photonics, vol. 6, p. 036114, 2021.

A. N. Vetlugin et al.: Photon number resolution without optical mode multiplication === 519

[64] ]. Sperling, W. Vogel, and G. S. Agarwal, “True photocounting

[63]

[66]

[67]

statistics of multiple on-off detectors,” Phys. Rev. A, vol. 85,
p. 023820, 2012.

M. Jénsson and G. Bjork, “Evaluating the performance of
photon-number-resolving detectors,” Phys. Rev. A, vol. 99,

p. 043822, 2019.

M. A. Nielsen and L. L. Chuang, Quantum Computation and Quantum
Information: 10th Anniversary Edition, Cambridge, Cambridge
University Press, 2010.

V.Y.Len, M. M. Byelova, V. A. Uzunova, and A. A. Semenov,
“Realistic photon-number resolution in generalized
Hong-Ou-Mandel experiment,” Phys. Scr., vol. 97, p. 105102,
2022.

[68] . L. Everett, P. Vernaz-Gris, G. T. Campbell, et al., “Time-reversed

[69]

and coherently enhanced memory: a single-mode quantum
atom-optic memory without a cavity,” Phys. Rev. A, vol. 98,

p. 063846, 2018.

X.-H. Deng, J.-T. Liu, J.-R. Yuan, Q.-H. Liao, and N.-H. Liu, “A new
transfer matrix method to calculate the optical absorption of
graphene at any position in stratified media,” Europhys. Lett.,
vol. 109, p. 27002, 2015.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2022-0614).


https://doi.org/10.1515/nanoph-2022-0614

	1 Introduction
	2 Results
	2.1 Salisbury screen design for a single-layer SNSPD
	2.2 Total absorption by partially absorbing nanowire layers
	2.3 Absorption uniformity across constituent detectors
	2.4 Photon-number resolution with a distributed detector
	2.5 Robustness against fabrication imperfections
	2.6 Generalized requirements for distributed absorbers

	3 Discussion and conclusions
	4 Methods

