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METHOD OF DETECTING PHOTONS AND PHOTON DETECTOR ARRANGEMENT

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of Singapore patent application
No. 10202105111Q, filed 17 May 2021, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to a method of detecting photons and a photon detector

arrangement.

Background

[0003] Quantum optics and quantum information protocols rely on the detection of light of
extremely low intensity. The majority of the exploited detectors are single-photon
detectors (SPDs) which operate in the ‘on-off’ regime where the detectors’ output signal does
not depend on the number of absorbed photons. At the same time, advanced protocols of
quantum technology including linear optical quantum computation, quantum communication
and key distribution, single-photon source characterization, and quantum states preparation rely
on detection schemes able to resolve the number of incoming photons. Moreover, other
applications, including fluorescence-lifetime imaging microscopy, x-ray astronomy, laser radar,
elementary particle detection and medicine could benefit from the usage of photon number
resolving detectors (PNRDs). It was shown that the output signal of some types of
photomultiplier tubes (PMT) and single-photon avalanche detectors (SPAD), visible light
photon counters (VLPC) and transition edge sensors (TES) actually depend on the number of
absorbed photons. This class of detectors is defined as intrinsic photon number resolving
detectors (iIPNRDs). Despite obvious advantages, iPNRDs suffer from pure photon number
resolution even at a few photons level (PMT, SPAD), high dark count rate (VLPC), slow
operational rate (VLPC, TES), extreme operation regimes (TES) and relatively high jitter time.
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[0004] To overcome these limitations, multiplexed photon number resolving
detectors (mPNRDs) can be used instead. The operation of mPNRD relies on the multiplication
of the incoming quantum light into temporal or spatial modes and the detection of each of these
modes independently by non-photon discriminating SPDs. This approach allows exploiting
state-of-the-art SPDs, such as superconducting nanowire single-photon detectors (SNSPDs),
characterized by low/negligible dark count rate, high operational rate and low jitter time
simultaneously, to achieve photon number resolution. It was shown that mPNRDs are
equivalent to iPNRDs in photon number resolution if the number of spatial or temporal optical
modes is large enough. Moreover, multiplexing with iPNRDs can also be used to exceed the
intrinsic photon number resolution of the best available iPNRDs (typically ~10 photons).

[0005] In the time multiplication approach, an incoming light pulse is split into a sequence of
pulses, or temporal modes, by passing through a series of beamsplitters and delay line loops.
Two detectors are placed at the output ports of the last beamsplitter. Each pulse from the
sequence (each temporal mode) is detected by these two detectors one at a time. Despite being a
relatively cheap solution, time multiplication slows down the operational rate and introduces
losses due to the additional optical components and delay line loops. It is noted that (system)
detection efficiency is a crucial parameter for practical photon number resolving. For example,
to discriminate 2 photons, one may need 7 delay line loops (with the probability of ~99% two
photons will occupy two different temporal modes and can be distinguished). Assuming 0.1 dB
of insertion and back reflection loss at each loop and ideal detectors, system detection
efficiency reduces to 85%, and two photons will be detected with the probability of ~70%. The
efficiency of photon number resolution drops exponentially with an increase of the number of
photons to be detected and a decrease of system detection efficiency.

[0006] In the space multiplication approach, incoming light is spread in multiple transverse
spatial modes and sent to a 2D array of SPDs or iPNRDs. Compared to time multiplication,
space multiplication allows to fully exploit the fast temporal response of the detectors and does
not require additional optical components in the detection scheme. However, unlike time
multiplication, space multiplication suffers from non-uniform illumination of different detectors
in the 2D array (typically the central pixels are exposed to higher light intensities due to the

Gaussian profile of the illuminating beam in the transverse direction), which impairs photon
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number resolution efficiency. Moreover, the finite spacing of neighboring pixels introduces
significant losses.

[0007] To summarize, existing multiplexing approaches allow high-quality photon number
resolution with either SPDs or iPNRDs. However, to overcome their intrinsic limitations, they
rely on repetitive measurements and accumulation of statistics to derive usable photon number

information, which is unsuitable for practical implementations.

Summary

[0008] The invention is defined in the independent claims. Further embodiments of the
invention are defined in the dependent claims.

[0009] According to an embodiment, a method of detecting photons is provided. The method
may include arranging a plurality of light absorbing elements to interact with an
electromagnetic standing wave at a corresponding plurality of points of the electromagnetic
standing wave to absorb at least part of the electromagnetic standing wave, the plurality of light
absorbing elements being spaced apart from each other, and detecting electrical signals
generated in response to the absorption to detect photons corresponding to the electromagnetic
standing wave.

[0010] According to an embodiment, a photon detector arrangement is provided. The photon
detector arrangement may include a plurality of light absorbing elements configured to be
arranged spaced apart from each other to interact with an electromagnetic standing wave at a
corresponding plurality of points of the electromagnetic standing wave to absorb at least part of
the electromagnetic standing wave, and a circuit configured to be electrically coupled to the
plurality of light absorbing elements, the circuit being configured to detect electrical signals
generated in response to the absorption to detect photons corresponding to the electromagnetic

standing wave.

Brief Description of the Drawings

[0011] In the drawings, like reference characters generally refer to like parts throughout the

different views. The drawings are not necessarily to scale, emphasis instead generally being
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placed upon illustrating the principles of the invention. In the following description, various
embodiments of the invention are described with reference to the following drawings, in which:
[0012] FIG. 1A shows a flow chart illustrating a method of detecting photons, according to
various embodiments.

[0013] FIG. 1B shows a schematic view of a photon detector arrangement, according to various
embodiments.

[0014] FIG. 2A shows a schematic diagram illustrating a design of photon number resolving
detection of a standing wave in the regime of total light absorption, according to various
embodiments.

[0015] FIG. 2B shows a schematic diagram illustrating a design of photon number resolving
detection of a standing wave in the regime of total light transmission, according to various
embodiments.

[0016] FIG. 3A shows a schematic diagram illustrating a design of travelling wave detection by
CPA-PNRD (coherent perfect absorption-photon number resolving detector), according to
various embodiments.

[0017] FIG. 3B shows a schematic diagram illustrating a design of phase-insensitive detection
of travelling waves with CPA-PNRD (coherent perfect absorption-photon number resolving
detector), according to various embodiments.

[0018] FIG. 3C shows a schematic diagram illustrating a design of phase-insensitive detection
scheme of travelling waves with CPA-PNRD (coherent perfect absorption-photon number
resolving detector), according to various embodiments.

[0019] FIG. 3D shows a schematic diagram illustrating a cross-sectional view of a CPA-PNRD
(coherent perfect absorption-photon number resolving detector) in a waveguide structure,
according to various embodiments.

[0020] FIG. 3E shows a schematic diagram illustrating a cross-sectional view of a CPA-PNRD
(coherent perfect absorption-photon number resolving detector) arranged in between two
optical fibers.

[0021] FIGS. 4A to 4C show an example of a bi-layered absorber and its optical response.
[0022] FIGS. 5A and 5B show a setup and results respectively relating to coherent absorption
of heralded single photons by a bi-layered system.
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[0023] FIGS. 6A and 6B show results for the optical response of a single-layered
superconducting nanowire single-photon detector (SNSPD).

[0024] FIGS. 6C and 6D show results for the optical response of a ten-layered superconducting
nanowire single-photon detector (SNSPD).

Detailed Description

[0025] The following detailed description refers to the accompanying drawings that show, by
way of illustration, specific details and embodiments in which the invention may be practiced.
These embodiments are described in sufficient detail to enable those skilled in the art to
practice the invention. Other embodiments may be utilized and structural, logical, and electrical
changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0026] Embodiments described in the context of one of the methods or devices are analogously
valid for the other methods or devices. Similarly, embodiments described in the context of a
method are analogously valid for a device, and vice versa.

[0027] Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
combinations and/or alternatives as described for a feature in the context of an embodiment
may correspondingly be applicable to the same or similar feature in the other embodiments.

TP IS
a

[0028] In the context of various embodiments, the articles an” and “the” as used with
regard to a feature or element include a reference to one or more of the features or elements.
[0029] In the context of various embodiments, the term “about” or “approximately” as applied
to a numeric value encompasses the exact value and a reasonable variance.

[0030] As used herein, the term “and/or” includes any and all combinations of one or more of
the associated listed items.

[0031] Various embodiments may provide a method of or for photon number resolving

detection without optical mode multiplication.
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[0032] Various embodiments may relate to one or more quantum radiation detection techniques
using distributed coherent perfect absorption phenomenon in a spatially separated array of
active layers. The detection may occur in free space or within integrated platforms including
optical fibers and (optical) waveguides.
[0033] To overcome their intrinsic limitations, known approaches for photon number resolution
rely on repetitive measurements and accumulation of statistics to derive usable photon number
information. Practical implementations, however, would require high-speed single-shot photon
number discrimination, for which requirements are much more stringent:

1) detection efficiency as close as possible to 100%;

2) uniform exposure of all detectors;

3) high detection rate and low time jitter.
None of the existing multiplication approaches fulfills all these three requirements
simultaneously.
[0034] The techniques disclosed herein may provide a method of photon number resolution
where the multiplication of the detectors (e.g., SPDs or iPNRDs) does not or may not require
multiplication of the optical modes. In contrast to the known detection of travelling waves, in
various embodiments, the method is based on the detection of electromagnetic (EM) standing
waves, e.g., free space EM standing waves. Placing one or more or all the detectors at the anti-
nodes of a detectable EM standing wave may provide equal exposure of the detectors, while the
independent operation of the detectors does not or may not introduce additional time delays.
Furthermore, deterministic light absorption (e.g., efficiency = 100%) may be achieved by
operating in the regime of coherent perfect absorption. Thus, the method of various
embodiments may satisfy simultaneously all the above-mentioned requirements for practical
application of photon number discriminating detection.
[0035] FIG. 1A shows a flow chart 150 illustrating a method of detecting photons, according to
various embodiments.
[0036] At 152, a plurality of light absorbing elements are arranged to interact with an
electromagnetic standing wave at a corresponding plurality of points of the electromagnetic
standing wave to absorb at least part of the electromagnetic standing wave, the plurality of light

absorbing elements being spaced apart from each other.
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[0037] At 154, electrical signals generated in response to the absorption are detected to detect
photons corresponding to the electromagnetic standing wave.

[0038] In other words, a method capable of detecting photons associated with an
electromagnetic (EM) wave is provided. The method includes interacting an EM standing wave
(or EM stationary wave) with multiple light absorbing elements by arranging the light
absorbing elements, separated from one another, at or overlapping with corresponding multiple
points of (or on) the EM standing wave. With such an arrangement, at least part of the EM
standing wave (or the energy or light thereof) is absorbed by the plurality of light absorbing
elements.

[0039] As a result of the interaction or absorption of the at least part of the EM standing wave
by the plurality of light absorbing elements, electrical (output) signals are generated by the
plurality of light absorbing elements. The electrical signals are detected (or measured), and/or
may be processed, to detect photons corresponding to (or associated with) the EM standing
wave. The plurality of light absorbing elements may be electrically coupled to a (electrical)
circuit that may detect and/or may process the electrical signals that are generated to detect the
photons. The circuit may be part of, for example, a photon counter (or photon counting circuit).
[0040] For absorbing the EM standing wave, the plurality of light absorbing elements are
arranged to interact with the EM standing wave at points corresponding to non-nodes of the EM
standing wave, i.e., points of the EM standing wave other than the nodes of the EM standing
wave.

[0041] The plurality of light absorbing elements may be arranged periodically, e.g., arranged
regularly or uniformly spaced apart from one another.

[0042] Each of the plurality of light absorbing elements may be or may include a light
absorbing layer or film. Each of the plurality of light absorbing elements may absorb light.
Each of the plurality of light absorbing elements may act as an active layer to absorb light. Each
of the plurality of light absorbing elements may be or may include or may be part of a detector,
or part of a detecting element of a larger detector (or detector arrangement).

[0043] In various embodiments, a respective optically transparent spacer may be provided in
between respective two (or respective pair of) adjacent light absorbing elements. Non-limiting

examples of an optically transparent spacer may include vacuum, air, transparent dielectric, etc.
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[0044] In various embodiments, the EM standing wave may be or may include an optical
standing wave.

[0045] It should be appreciated that photons are not only associated with visible light but are
also associated with EM waves at different regions of the electromagnetic spectrum, including
but not limited to radio waves, microwaves, infrared, ultraviolet light, X-rays, gamma rays, etc.
Therefore, it should be appreciated that the term "light" is not limited to visible light.

[0046] In various embodiments, the method may further include determining a quantity (or
number) of the photons based on the electrical signals. The number of photons may be
determined based on the amplitudes and/or number of the electrical signals. The electrical
signals may be processed to determine the photon number. As a non-limiting example, for a
number of photons that is more than a single photon by a defined factor, the amplitudes
corresponding to the photons may be higher than the amplitude corresponding to a single
photon by the same defined factor. For example, the amplitudes corresponding to three photons
may be three times the amplitude corresponding to one photon.

[0047] In various embodiments, at 152, the plurality of light absorbing elements may be
arranged to interact with the EM standing wave at a corresponding plurality of anti-nodes of the
EM standing wave. A respective light absorbing element may be arranged to interact with a
respective anti-node of the EM standing wave. Anti-nodes refer to points along the EM
standing wave where the EM standing wave has maximum amplitude or maximum
displacement. By arranging the plurality of light absorbing elements to interact with the anti-
nodes of the EM standing wave, a regime or mode of operation of total light absorption may be
achieved.

[0048] In various embodiments, the method may further include inducing a relative movement
between the plurality of light absorbing elements and the EM standing wave to arrange the
plurality of light absorbing elements to interact with the EM standing wave at a corresponding
plurality of nodes of the EM standing wave. For example, the plurality of light absorbing
elements or the EM standing wave or both may be (physically) shifted relative to each other,
e.g., by mechanically moving the light absorbing elements and/or changing the phase between
interfering propagating waves (e.g., two counter-propagating waves) used to form the EM
standing wave. As non-limiting examples, these may be achieved via a nanopositioner or a

phase shifter. Nodes refer to points along the EM standing wave where the EM standing wave
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has minimum (or zero) amplitude or no displacement. By arranging the plurality of light
absorbing elements to interact with the nodes of the EM standing wave, a regime or mode of
operation of total light transmission may be achieved. In this way, the EM standing wave may
be transmitted through or past the plurality of light absorbing elements.

[0049] Due to the flexibility of relative movement between the plurality of light absorbing
elements and the EM standing wave, and, depending on the relative positioning of the plurality
of light absorbing elements to the EM standing wave, it is possible to switch between the two
regimes or modes of operation of total light absorption and total light transmission.

[0050] In various embodiments, for each spacing between respective two adjacent light
absorbing elements of the plurality of light absorbing elements, the spacing may be equal to a
whole number of half of a wavelength of the electromagnetic standing wave. In other words,
the spacing between two adjacent or neighbouring light absorbing elements may be equal to the
whole number of A/2, where A is the wavelength of the EM standing wave.

[0051] In various embodiments, the EM standing wave may be or may include a free space EM
standing wave.

[0052] In various embodiments, the method may further include interacting two counter-
propagating waves cooperatively (e.g., by interference) with each other to form the
electromagnetic standing wave. The two counter-propagating waves travel or propagate in
opposite directions.

[0053] In various embodiments, the two counter-propagating waves may be generated from an
EM travelling wave. The EM travelling wave may be (optically) split into the two counter-
propagating waves.

[0054] In various embodiments, the method may further include generating, from an EM
travelling wave, a (back-) reflected propagating wave, wherein the EM travelling wave and the
reflected propagating wave define the two counter-propagating waves.

[0055] As described above, therefore, an EM travelling wave may be transformed to the EM
standing wave. The EM travelling wave may be transformed to the EM standing wave prior to
arranging the plurality of light absorbing elements to interact with the EM standing wave.
[0056] In various embodiments, the two counter-propagating waves may be propagated in (or
through) a (optical) waveguide structure for the two counter-propagating waves to interact

cooperatively with each other in the waveguide structure to optically confine the EM standing
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wave in (or within) the waveguide structure (e.g., confined in a waveguide core of the
waveguide structure), wherein the plurality of light absorbing elements may be arranged
optically coupled to the waveguide structure. For example, the plurality of light absorbing
elements may be arranged on the waveguide structure or on the waveguide core. As non-
limiting examples, the waveguide structure may be or may include a planar waveguide or a rib
waveguide.

[0057] In various embodiments, the two counter-propagating waves may be propagated through
respective two optical fibers arranged spaced apart from each other for the two counter-
propagating waves to interact cooperatively with each other in a spacing between the two
optical fibers, and the plurality of light absorbing elements may be arranged in the spacing. This
may mean that one of the two counter-propagating waves may propagate in or through a first
optical fiber, and the other of the two counter-propagating waves may propagate in or through a
second optical fiber, where the first and second optical fibers may be arranged with a gap
therebetween for the plurality of light absorbing elements to be received therein. As a non-
limiting example, the plurality of light absorbing elements may be arranged adjacent to the fiber
end facets of the two optical fibers.

[0058] The method may further include arranging a plurality of optically transparent physical
spacers (relative to the plurality of light absorbing elements), wherein a respective optically
transparent physical spacer of the plurality of optically transparent physical spacers may be
arranged in between respective two adjacent light absorbing elements of the plurality of light
absorbing elements. A non-limiting example of an optically transparent physical spacer may
include a transparent dielectric element or layer. Non-limiting examples for the transparent
dielectric element may include silica (SiO»), silicon nitride (SisN4), and different glass
materials.

[0059] In various embodiments, a respective space in between respective two adjacent light
absorbing elements of the plurality of light absorbing elements may be defined by vacuum or
air.

[0060] In various embodiments, each of the plurality of light absorbing elements may include a
superconducting nanowire single-photon detector (SNSPD), a superconducting microwire
single-photon detector (SMSPD), a superconducting film of a transition edge sensor (TES), a
p-n junction of a single photon avalanche diode (SPAD), a photocathode of a photomultiplier

10
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tube (PMT), a gain region of a visible light photon counter (VLPC), or a solid-state
photomultiplier (SSPM). Nevertheless, it should be appreciated that any other types of
photodetectors may also be used. Non-limiting examples of materials that may be used for each
of the plurality of light absorbing elements may include silicon (Si), germanium (Ge), and other
III-V elements.

[0061] FIG. 1B shows a schematic view of a photon detector arrangement 100, according to
various embodiments. The photon detector arrangement 100 includes a plurality of light
absorbing elements 102 configured to be arranged spaced apart from each other to interact (as
shown by the block arrow) with an electromagnetic standing wave 120 at a corresponding
plurality of points of the electromagnetic standing wave 120 to absorb at least part of the
electromagnetic standing wave 120, and a circuit 130 configured to be electrically coupled (as
shown by the dashed lines) to the plurality of light absorbing elements 102, the circuit 130
being configured to detect electrical signals generated in response to the absorption to detect
photons corresponding to the electromagnetic standing wave 120. While six light absorbing
elements 102 are shown in FIG. 1B, it should be appreciated that, depending on applications
and/or requirements, a lower or higher number of light absorbing elements 102 may be
provided. In various embodiments, the circuit 130 may be defined by a plurality of sub-circuits,
where a respective sub-circuit of the plurality of sub-circuits may be electrically coupled to a
respective light absorbing element of the plurality of light absorbing elements 102.

[0062] The circuit 130 may further be configured to determine a quantity (or number) of the
photons based on the electrical signals.

[0063] It should be appreciated that description corresponding to the method of detecting
photons in the context of the flow chart 150 may correspondingly be applicable in relation to
the photon detector arrangement 100.

[0064] Various embodiments will now be further described by way of the following non-
limiting examples. Various embodiments may address the problem of multiple photon
absorption. In various embodiments, light absorption happens in the absorptive layers.

[0065] Coherent perfect absorption (CPA) is a process of standing wave absorption by a thin
film, and may be extended to the regime of a single photon absorption. A further regime of
distributed CPA may be enabled, where a single highly absorptive layer is replaced by multiple

spatially separated weakly absorptive layers. The techniques disclosed herein exploit distributed
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CPA for photon number detection and/or resolution application (e.g., CPA based photon
number resolving detector, CPA-PNRD), as illustrated in FIG. 2A. The detector 200a may
include a 1D array of active layers (or light absorbing elements) (three active layers are
illustratively shown labelled as 202a) spatially separated by transparent spacers (three
transparent spacers are illustratively shown labelled as 204a) which may include but not limited
to vacuum, air, transparent dielectric, etc. Therefore, adjacent active layers 202a may be
separated by a transparent spacer 204a. The active layers 202a are the light absorbing part of
the detector 200a. As non-limiting examples, one or more active layers (or light absorbing
elements) 202a may be a superconducting nanowire of a superconducting nanowire single-
photon detector (SNSPD) or a superconducting film of a transition edge sensor (TES). A
superconducting film is a thin film of a superconducting material (e.g., niobium nitride (NbN),
niobium titanium nitride (NbTiN), tungstem (W), tungsten silicide (WSi), molybdenum
silicide (MoSi), aluminum and others) operating below critical temperature. A superconducring
nanowire is a nanowire (wire with nanometer scale thickness and width) fabricated from the
superconducting film.

[0066] While seven light absorbing elements ( or active layers) 202a are shown in FIG. 2A, it
should be appreciated that any lower or higher number of light absorbing elements 202a may be
provided. The number of active layers 202a may be arbitrary. In various embodiments, the
number of active layers 202a may be defined by the maximum number of photons to be
detected. A non-limiting example of the procedure for defining the parameters of the detector
may include: (i) define the maximum number (Nmax) of photons to be detected, (ii) the number
of active layers (M) should be at least equal to Nmax but, depending on specific application, may
require M >> Nmax, (iii) after M is defined, Equations (2) - (4), to be described further below,
may be used to determine the required optical response of each individual active layer using M.
[0067] As shown in FIG. 2A, the active layers 202a are placed or arranged at different anti-
nodes (two anti-nodes are illustratively shown labelled as 222a) of a detectable
(electromagnetic; EM) standing wave 220a which may enable uniform light absorption
probability. The anti-nodes 222a are points on the stationary wave 220a that oscillate with
maximum amplitude. As a result of light absorption, the active layers 202a, which may be

electrically coupled to or may be part of an external electric circuit, generates an electrical
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output signal. The regime of total light absorption is achieved by placing (all) the active
layers 202a at the anti-nodes 222a of the EM standing wave 220a as shown in FIG. 2A.

[0068] The active layers (or absorptive layers) 202a may be of a subwavelength thickness
(i.e., the thickness is smaller or much smaller than the optical wavelength of the detected light)
as otherwise it may not be possible to place the layers 202a at the anti-nodes or nodes of the
standing wave 220a.

[0069] FIG. 2B shows a schematic diagram illustrating a design of photon number resolving
detection of a (electromagnetic; EM) standing wave 220b in the regime of total light
transmission. This is achieved by placing or arranging (all) active layers (or light absorbing
elements or layers) (three active layers are illustratively shown labelled as 202b) at the nodes
(two nodes are illustratively shown labelled as 224b) of the standing wave 220b. The
nodes 224b are points of zero amplitude on the stationary wave 220b. One or more active
layers 202b may be a superconducting nanowire of a SNSPD or a superconducting film of a
TES. While seven light absorbing elements (or active layers) 202b are shown in FIG. 2B, it
should be appreciated that any lower or higher number of light absorbing elements 202b may be
provided. Adjacent active layers 202b may be separated by a transparent spacer (three
transparent spacers are illustratively shown labeled as 204b) which may include but not limited
to vacuum, air, transparent dielectric, etc.

[0070] The detector of various embodiments, including the detector 200a, may be switched
between operation in the regime of total light absorption in the context of FIG. 2A and in the
regime of total light transmission in the context of FIG. 2B. The ability to switch between these
regimes enables in-line operation of the device (e.g., see FIGS. 2A and 2B). "In-line" refers to
"on the fly", meaning that one can choose to detect light using the regime of total light
absorption or let the light go through the detector using the regime of total light transmission.
The choice may be conditioned by the results of light transformation in the preceding parts of
the optical network.

[0071] Nevertheless, it should be appreciated that the detector 200a may be operated for partial
light absorption for photon detection or resolution. This may mean that the light absorbing
elements 202a may be arranged to interact with the EM standing wave 220a, 220b at points that

are in between the anti-nodes 222a and the nodes 224b.

13



10

15

20

25

30

WO 2022/245285 PCT/SG2022/050318

[0072] The techniques disclosed herein may allow for “phase sensitive” detection when the
detector or detector arrangement is operated at the regimes of light absorption and light
transmission, and “phase insensitive” detection when the detector is always at the total
absorption regime (e.g., cannot be switched to transmission regime). The choice between phase
sensitive and phase insensitive detection depends on the specific application.
[0073] The techniques disclosed herein may also be applied to the detection of (EM) travelling
waves, as illustrated in FIG. 3A for a detector arrangement or apparatus 330a. An input light,
e.g., in the form of a travelling wave 331a, is transformed into a standing wave by splitting the
input light 330a into two beams - a reflected beam 332a and a transmitted beam 334a - by a
beamsplitter 340a, and counter propagating the beams 332a, 334a as respective beams 336a,
338a by using mirrors 342a, 344a. The counter propagating beams 336a, 338a (or counter-
clockwise propagating mode 336a and clockwise propagating mode 338a) cooperatively create
a standing wave. A CPA-PNRD (coherent perfect absorption-photon number resolving
detector) 300a, which may be similar to the design shown in FIGS. 2A and 2B having multiple
active layers or light absorbing elements 202a, 202b separated by spacers 204a, 204b, may be
placed at the region where the standing wave is created. The technique of standing wave
detection described herein may therefore be applied. By changing the relative position of the
active layers of the detector 300a and the created standing wave (e.g., either by shifting the
active layers and/or by changing the phase relation between the counter propagating
waves 336a, 338a), it is possible to switch between the regime of total transmission (see
FIG. 2B) and the regime of total absorption (see FIG. 2A).
[0074] To achieve the regime of total absorption of a standing wave, the absorber (detector),
e.g., 200a, 300a, may be characterized by:

t=xr=1/2 Equation (1),
where t and r are the amplitude transmission and reflection coefficients under travelling wave
illumination. Thus, the CPA-PNRD, as a whole device, should transmit 25%, reflect 25% and
absorb 50% of input light intensity when light is sent through for “phase sensitive” detection or
“phase insensitive” detection. Further, an absorber (detector) with required parameters may be
composed of M active layers spaced by the whole number of A/2 (where A is the wavelength of

the input light) if
A

M41 Equation (2),

£ =
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?’; = I-g - i = - 1 .
M+t Equation (3),

ai=1—tf -9 = il
o : ¢ {M+1}2 Equation (4),

where ti, r1 and a: are the amplitude transmission, reflection and absorption coefficients of
each active layer under travelling wave illumination. Identical optical response and spatial
arrangement of the active layers may ensure uniform light absorption probability in each active
layer, and, consequently, high performance photon number resolution. It should be appreciated
that Equations (2)-(4) apply to the designs illustrated in FIG. 3A, and FIG. 3B to be discussed
below.

[0075] The techniques disclosed herein is different compared to a known approach where the
distance between active layers is chosen to increase the absorption bandwidth of the detector
under travelling wave illuminatio. While the known approach ensures high detection efficiency,
such an arrangement leads to uneven absorption of light in different active layers and not
suitable for practical implementation of photon number resolution. Further, for the known
approach, broadband absorption assumes a small spacing, otherwise the structure becomes
sensitive to the wavelength.

[0076] In embodiments where in-line operation may be optional or may not be needed
(e.g., operation in the regime of total light transmission may be optional), the detection scheme
may be modified to “phase insensitive” detection which always support the regime of total light
absorption, e.g., based on the detector arrangement or apparatus 330b of FIG. 3B. An input
light, e.g., in the form of an input travelling wave 331b illuminates a CPA-PNRD (coherent
perfect absorption-photon number resolving detector) 300b, which may be similar to the design
of the detector 200a of FIG. 2A having multiple active layers 202a separated by spacers 204a
and having optical parameters according to Equations (2)-(4). 25% of the input light 331b is
reflected resulting in a reflected beam 332b, 25% of the input light 331b is transmitted resulting
in a transmitted beam 334b, and 50% of the input light 331b is absorbed by the detector 300b.
The reflected beam (or light) 332b and the transmitted beam (or light) 334b light are counter
propagated by the mirrors 342b, 344b, resulting in counter propagating beams 336b, 338b (or
counter-clockwise propagating mode 336b and clockwise propagating mode 338b). The
mirrors 342b, 344b may also direct the reflected and transmitted light beams 332b, 334b back
to the CPA-PNRD 300b. Counter propagating beams (e.g., one travelling beam propagating
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clockwise and another travelling beam propagating counter-clockwise) cooperatively create a
standing wave where the CPA-PNRD 300b is positioned.To absorb the rest of the light, a n-
phase shift may be introduced between the light modes 336b, 338b propagating clockwise and
counter-clockwise. This may be done passively by exploiting the idea of indefinite casual order.
As a non-limiting example, a combination of a half wave plate 346b oriented at O degree and a
half wave plate 348b oriented at 45 degrees relative to the horizontal axis (which is the axis
perpendicular to the direction of light propagation and lying in the plane of FIG. 3B) introduces
a m-phase shift between the counter-clockwise 336b and clockwise 338b propagating modes
propagating in opposite directions passing through the half wave plates 346b, 348b. It should be
appreciated that the positioning of the half wave plates 346b, 348b may be interchanged.

[0077] The phase-insensitive detection scheme of various embodiments may also be
implemented in the design shown in FIG. 3C for a detector arrangement or apparatus 330c. A
detectable input (EM) travelling wave 331c is incident on a (perfect) mirror 342c. The
mirror 342c may have close to 100% reflectivity. Non-limiting examples for the mirror 342c
include any metal or dielectric mirror with reflectivity close to 100%. Interference of the input
light beam 331c and the (back-)reflected light beam 332c results in the formation of a standing
wave. A CPA-PNRD (coherent perfect absorption-photon number resolving detector) 300c is
placed or arranged in the region where the standing wave is created. Accordingly, a standing
wave is created by reflecting the input travelling wave 331c by the mirror 342c, and the CPA-
PNRD 300c is placed in the region where the standing wave is generated. The CPA-
PNRD 300c may be similar to the design shown in FIGS. 2A and 2B having multiple active
layers 202a, 202b separated by spacers 204a, 204b, The regime of total absorption (or
transmission) takes place if the active layers, e.g., 202a (or 202b) are placed at the anti-nodes
(or the nodes) of the standing wave. Since the mirror 342c effectively doubles the number of
the used active layers M, the optical parameters of the active layers may be found from
Equations (2)-(4) by replacing M with 2M (i.e., M — 2M).

[0078] Light detection schemes, as described herein, may be implemented in free space or as
part of an integrated platform including one or more waveguide structures (e.g., rib waveguides,
etc.), and/or one or more optical fibers. The detector of various embodiments may be arranged
in or on a waveguide structure. FIG. 3D shows a schematic diagram illustrating a cross-

sectional view of a non-limiting example of a CPA-PNRD (coherent perfect absorption-photon
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number resolving detector) 300d in a waveguide structure 370. The light detection scheme may
be implemented in a SOI (silicon-on-insulator) waveguide structure 370 having a silicon
layer 372, acting as a waveguide core, fabricated on an insulator cladding layer 374. A standing
wave (not shown) may be created by travelling waves (or light beams) 336d, 338d counter
propagating in or through the waveguide core 372 placed at the top of the insulator layer 374.
The standing wave created in the waveguide structure 370 is (optically) confined generally
within the core 372. The CPA-PNRD 300d includes a plurality of light absorbing elements or
active layers (e.g., detecting (nano-)wires) 302d placed across the waveguide structure 370,
e.g., over or at the top of the waveguide core 372, to interact with the standing wave through
evanescent field coupling. While seven light absorbing elements 302d are shown in FIG. 3D, it
should be appreciated that any lower or higher number of active layers 302d may be provided.
The separation between the light absorbing elements 302d may ensure that all of them are
located either at the anti-nodes or the nodes of the standing wave depending on the phase
relation of the incoming beams 336d, 338d allowing to achieve the regimes of full absorption as
illustrated in FIG. 2A or full transmission as illustrated in FIG. 2B. Implementation of
interferometer or cavity configurations for light detection may also be possible within the
waveguide platform.

[0079] In further embodiments, active layers may be fabricated on a fiber end facet in the
configuration illustrated in FIGS. 2A and 2B, allowing photon number resolving detection
directly within an optical fiber.

[0080] FIG. 3E shows a schematic diagram illustrating a cross-sectional view of a non-limiting
example of a CPA-PNRD (coherent perfect absorption-photon number resolving detector) 300e
fabricated in between two optical fibers 382e, 386e. The light detection scheme may be
implemented using optical fibers 382e, 386e, each having a waveguiding core 383e, 387e,
surrounded by a cladding 384e, 388e. The optical fibers 382e, 386e may be arranged spaced
apart from each other with a spacing or gap 390e therebetween. A (EM) standing wave (not
shown) may be created by travelling waves (or light beams) 336e, 338e counter propagating in
or through the cores 383e, 387e of the optical fibers 382e, 386e. The standing wave may be
created in between the optical fibers 382e, 386e, in the space 390e, for example, in between the
two fiber end facets 385e, 389e. The CPA-PNRD 300e includes a plurality of light absorbing

elements or active layers (e.g., detecting (nano-)wires) 302e placed in between the optical fiber
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end facets 385e, 389e to interact with the standing wave. As a non-limiting example, the CPA-
PNRD 300e may be fabricated on one of the fiber end facets (e.g., facet 385e) and an index
matching gel may be used to fill the rest of the space 390e between the fiber end facets 385e,
389, to interact with the standing wave. The active layers 302e may be separated by
spacers 304e. While seven light absorbing elements 302e are shown in FIG. 3E, it should be
appreciated that any lower or higher number of active layers 302e may be provided. The
separation between the light absorbing elements 302e may ensure that all of them are located
either at the anti-nodes or the nodes of the standing wave depending on the phase relation of the
incoming beams 336e, 338e allowing to achieve the regimes of full absorption as illustrated in
FIG. 2A or full transmission as illustrated in FIG. 2B. Implementation of interferometer or
cavity configurations for light detection may also be possible within the optical fiber platform.
[0081] It should be appreciated that any one of designs illustrated in FIGS. 3A to 3C may be
combined with any one of designs illustrated in FIGS. 3D and 3E.

[0082] The techniques disclosed herein may include one or more of the following features.
[0083] 1) Method of photon number resolving detection free of optical mode multiplication.
Known approaches to photon number discrimination are based on multiplication of optical
modes. In contrast, various embodiments are based on detection of a single optical mode
(standing wave) by multiple light absorbing elements or active layers of the detector. Detection
without multiplication of optical modes may allow to avoid such problems as slowdown of
operational rate, decrease of system detection efficiency due to additional optical components
and non-uniform illumination of different active layers of the detector.

[0084] 2) Concept of detection based on distributed CPA. Various embodiments provide or
employ the concept of photo detection based on the effect of distributed CPA where quantum
(or classical) light is absorbed by multiple spatially separated light absorbing elements or active
layers of the detector. Since different active layers operate independently, this approach does
not or may not slow down the operational rate and jitter of the device. Moreover, distributed
CPA may allow to achieve the regime of deterministic light absorption by optimizing the
optical response of individual active layers of the detector. This approach does not require
optical cavities to increase absorption. With the active layers operating independently, photon
absorption by an active layer does not “disturb” operation of other active layers which still can

absorb light. Also, each active layer may have its own readout electric circuitry.
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[0085] 3) Detection of (EM) standing waves in free space and integrated platforms. Detection
of standing waves allows to detect single optical mode by multiple detectors. By its nature,
standing wave guarantees uniform exposure of different active layers placed at the anti-nodes of
the standing wave. Travelling waves may be detected by the method of various embodiments as
well by converting them into standing waves prior to the detection.

[0086] 4) Deterministic light absorption (e.g., efficiency = 100%) with weakly absorbing active
layers. Known methods of photon number discrimination require deterministic light absorption
by each constituting of the detector. For instance, in space multiplication, each pixel of the 2D
array should absorb 100% of the light which is difficult to achieve practically. In contrast, one
or more detectors with 100% detection efficiency may be achieved in the techniques disclosed
herein by exploiting weakly absorbing light absorbing elements or active layers. This may
allow using a wide range of materials not suitable for known detection schemes due to their
weak absorption.

[0087] 5) In-line operation of the detector with an option to bypass the detector. Known
detectors do not offer flexibility in the optical scheme of the setup: detectors prevent further
propagation of quantum light. In the CPA configuration described herein, quantum light
absorption may be modulated between the regimes of total light absorption (active layers placed
at the anti-nodes of the standing wave) and total light transmission (active layers placed at the
nodes of the standing wave). One can choose either to detect light or let it pass through the
detector by changing the relative position of the active layers and the standing wave (e.g., by
shifting the phase between two counter propagating waves and/or by mechanically shifting the
absorbing layers). The ability to operate between deterministic detection and deterministic
transmission regimes (in-line operation) would be beneficial for feed forward protocols of
quantum information processing, where results of previous stages of the protocols dictate the
following stages.

[0088] 6) Direct measurement of superposition states. Known detection of travelling waves are
restricted by detection of a single spatial mode only (for instance, light propagating through a
single fiber). In contrast, the CPA-PNRD of various embodiments may allow to directly
measure superposition states of two spatial modes which may be used to simplify detection

schemes in quantum information protocols. Measurement of superposition states of qubits may
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reduce the number of required optical components increasing overall efficiency of the
protocols.

[0089] In terms of possible commercialization, the CPA-PNRD according to the techniques
disclosed herein may offer multiple applications in quantum optics and quantum information
including linear optical quantum computation, quantum communication, intensity correlation
measurements, quantum light sources characterization, quantum metrology, etc. Besides, as an
extremely sensitive sensor, the CPA-PNRD of various embodiments may also be used in
classical weak light measurement applications such as satellite communications, lidar sensors,
astronomy, atmospheric pollution monitoring, explosive detection, medicine, etc.

[0090] As described above, various embodiments may relate to a method for the resolution of a
number of photons without optical mode multiplication and an apparatus to perform the
method.

[0091] For the known time multiplication approach, an incoming light pulse is split into a
sequence of pulses and each pulse is detected by one or more detectors one at a time. This
approach decreases the operational rate and introduces losses due to additional optical
components and delay line loops requirements. For the known space multiplication approach,
incoming light is spread in multiple transverse spatial modes corresponding to pixel size and
sent to a 2D array of single-photon detectors. While this approach allows full exploitation of the
fast temporal response of the detector and does not require additional optical components in the
detection scheme, it suffers from non-uniform illumination of different detectors in the 2D
array (typically the central pixels are exposed to higher light intensities due to the Gaussian
profile of the illuminating beam in the transverse direction), which impairs photon number
resolution effectiveness. Moreover, the spacing of neighboring pixels introduces additional
losses as well. There are, therefore, limitations to the time multiplication and space
multiplication approaches.

[0092] Various embodiments may explore distributed coherent perfect absorption by thin active
layers.

[0093] Various embodiments may provide a method of or for detecting number of photons,
including:

a) transforming (EM) travelling wave to (EM) standing wave; and
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b) detection of the standing wave by placing multiple active layers at the anti-nodes of
the standing wave (total light absorption); or
¢) transmitting the standing wave by placing multiple active layers at the nodes of the
standing wave (total light transmission); and
d) the active layers are spatially separated by optically transparent spacers.
To switch from light absorption to light transmission, either the active layers or the standing
wave may be physically shifted relative to each other (for example, via a nanopositioner or a
phase shifter).
[0094] The active layers are a light absorbing part of the detector. As non-limiting examples,
each of the active layers may be a superconducting nanowire single-photon detector (SNSPD),
a superconducting microwire single-photon detector (SMSPD), a superconducting film of a
transition edge sensor (TES), a p-n junction of a single photon avalanche diode (SPAD), a
photocathode of a photomultiplier tube (PMT) or a gain region of a visible light photon
counter (VLPC) or a solid-state photomultiplier (SSPM).

Calculation of the required optical response of the detector with multiple active layers for CPA-

PNRD

[0095] To achieve the regimes of coherent perfect absorption (CPA) and coherent perfect
transmission (CPT) with a single-layer absorber (detector) of a subwavelength thickness, the
absorber should be characterized by a 50% absorption under a travelling wave illumination with
reflection, r, and transmission, ¢, coefficients, satisfying

t=-r=1R2ort=r=-1/2 Equation (5).
[0096] Now, instead of a single-layer absorber (detector), a bi-layered absorber (detector) may
be considered with M = 2. Each layer may be characterized by its amplitude transmission, #
and 1, and reflection, r1 and r», coefficients (#1 and r; are associated with layer 1 and # and >
are associated with layer 2), and for any thin absorber it is valid:

n=h-L o np=h-d Equation (6).
Optical properties of the whole structure are defined as
£ ta0 D

1 — rre kD Equation (7),
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v t2a? D
Y —"1*1 1 a2iED .
— 7y 1e Equation (8),
T 2D .
1—nne Equation (9),

where D is the distance between the layers, ¢, r’ and »" are the total amplitude transmission and
reflection (for illumination from the left and right side) coefficients. Setting D = 0 leads back to
the condition of a single-layer absorber (detector), Equation (5), providing additional relations

between the optical properties of the layers, namely,

P=172, v =r"=-1/2 Equation (10).
Therefore, combining Equations (6)-(10) leads to:
t, = - h
3y —1 Equation (11).

Letting #; vary as a free parameter and assuming that the layers are identical (please see
FIG. 4A showing a schematic diagram illustrating a model of a bi-layered absorber 470) lead to
ty=¢8 =2/ 3andr, =1, = —1/3 Equation (12).

The bi-layered absorber (detector) 470 includes two identical layers 472, 474 with transmission
coefficient #1 = 2/3 and reflection coefficient r1 = —1/3 spaced by a variable distance D. Input
monochromatic field 476 with amplitude Ep is partially transmitted (with amplitude tEo) 477
and partially reflected (with amplitude rEy) 478.

[0097] The optical response of such a system of FIG. 4A is shown in FIGS. 4B and 4C as a
function of the distance D between the layers of a bi-layered system expressed in units of the
wavelength A. FIG. 4B shows the intensity transmission If*> 480, reflection 1> 481 and
absorption lal®> = 1 - |# - |r1> 482 coefficients of the structure as a function of the distance D,
while FIG. 4C shows the phases of transmission 485 and reflection 486 coefficients of the
structure as a function of the distance D. Distance is expressed in units of the wavelength A.
Diamonds, indicated in FIGS. 4B and 4C, correspond to the regime with t = —r = 1/2, while
circles correspond to ¢+ = r = —1/2 (it should be appreciated that ¢ and r are amplitude
transmission and reflection coefficients, and may be complex numbers in general (in this case,
negative, as represented by the sign "-")). In both cases, the bi-layered absorber (detector) may

deterministically absorb a standing wave.
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[0098] To generalize to the case when the two absorbing layers 472, 474 are separated by a

transparent spacer with refractive index nsp, the distance D may be as follows:

b _f N
2o, Equation (13).

[0099] For a multi-component system with M > 2, relations similar to Equation (11) may
become more complicated with a number of free parameters. The solution may be simplified
for the preferred or important case of M identical layers (as it may be one of the requirements

for the PNRDs). Following a similar procedure leads to:

M
b = M1 Equation (14),
Fm = e T AT M+1 Equation (15),
. . R N 2M
= T Gy Equation (16),

where 1,, and r,, are the amplitude transmission and reflection coefficients of the m™ layer, and

% defines the intensity absorption coefficient (or probability of photon absorption) by each
layer of absorber (or detector). For example, four layers with transmission and reflection
coefficients of 4/5 and —1/5, respectively, spaced by an integer number of A, may have
properties of the coherent perfect absorber with total (i.e., whole structure) transmission and
reflection coefficients equal to -1/2, and, properly placed, will absorb the standing wave
deterministically despite the fact that each layer is characterized by 0.32 probability of photon
absorption. In other words, if a whole structure (all 4 layers) is illuminated by a travelling light,
then the above-mentioned transmission and reflection coefficients may be expected.

[0100] Thus, by adjusting the parameters of individual layers and their spatial arrangement, it
may be possible to assemble a structure with an optical response identical to a single layer

absorber (detector) according to Equation (5).

Experimental demonstration: coherent absorption and coherent transmission of a single photon

by a distributed bi-layered absorber

[0101] The method of photon detection may be tested by using absorbing metal thin films. The
optical properties of these films are close to the optical properties of materials used, for

instance, in the fabrication of SNSPDs. The difference with the actual photon detector is that
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electrical signals are not generated as the result of photon absorption. Otherwise, this
experimental demonstration replicates the techniques disclosed herein.

[0102] Based on the inventors' analysis, a bi-layered absorber has been manufactured and
single photon absorption with efficiency close to unity has been demonstrated. The layers of the
bi-layered absorber may be represented by ultrathin layers of chromium with optical response
close to that of Equation (12). Two chromium layers may be deposited on opposite sides of a
supporting substrate by thermal evaporation. The layers' thickness may be adjusted empirically
starting from a nominal value of 5 nm. As a substrate, a commercially available silicon nitride
membrane of thickness Dsinv=200 nm may be used, which is approximately A/2ng, at the
wavelength of interest of 810 nm (considering ns, = 2.02).

[0103] FIG. 5A shows a schematic diagram of a setup 550 with a bi-layered absorber 500
(having two absorbing layers (or light absorbing elements)) placed in the middle of an
interferometer 570. In FIG. 5A, lines with double-headed arrows and dashed lines correspond
respectively to the optical fiber and free-space paths of the photons (indicated by open arrows).
Degenerate spontaneous parametric down-conversion in a BBO crystal 552, induced by a pump
laser (e.g., 405 nm laser) 554, may be used to generate pairs of time-correlated photons. This
creates a signal photon that is reflected by a reflector 556a and optically coupled into a
fiber 557, and an idler photon that is reflected by a reflector 556b and optically coupled into a
fiber 559 and detected by a detector, e.g., a single-photon avalanche photodiode (SPAD-h) 560.
A beam dumper 562 is provided to stop the beam of the pump laser 554. Detection of the idler
photon by SPAD-h 560 heralds the presence of the signal photon. The signal photon is split on
a beamsplitter (e.g., a 50:50 beamsplitter) 558 so that it may interfere with itself in the middle
of the interferometer 570 creating a standing wave. The phase of the interferometer ¢ is
repeatedly varied by a fiber stretcher 572 (for changing the relative position of the standing
wave and the bi-layered absorber 500). The fiber stretcher 572 may be controlled by a ramp
voltage at 1 Hz modulation frequency and amplitude 9 Vpp, which may ensure a fiber length
modulation greater than 24 in every cycle. The coherence length of heralded photons
(~100 pm) may be much greater than Dsiv. The split photon, after the beamsplitter 558
propagates through respective fibers 574, 576 to respective collimators 575, 577. From the
collimator 575, the corresponding photon is reflected by a reflector 580 to a beamsplitter 582,

and from the collimator 577, the corresponding photon is reflected by another reflector 584 to
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another beamsplitter 586. The photons directed by the reflectors 580, 584 lead to counter
propagating beams which cooperatively create a (EM) standing wave and the bi-layered
absorber 500 interacts with the standing wave. The bi-layered absorber 500 functions to
modulate photon absorption between the regimes of total light absorption and total light
transmission (depending on the position of the active layers relative to the standing wave). Each
(active) layer absorbs the photon with equal probability. The beamsplitters 582, 586 are used to
direct the outgoing photons to two detectors, e.g., single-photon avalanche photodiodes
(SPAD-1 and SPAD-2) 588, 590. Coincidence counts, recorded using a coincidence
counter 892, between the detectors SPAD-1 588 / SPAD-h 560 (V1) and SPAD-2 590 / SPAD-h
560 (N2) are measured as a function of the phase ¢ (acquisition time may be about 20 ms and
data may be averaged over more than 50 phase cycles). To evaluate the probability of single
photon detection by SPAD-1 588 (P1) and SPAD-2 590 (P2), the average total input photon flux

may be used as a reference:

&y ol Hwith absorkar]

Py (3p) =

¥, fwithout absorberl+ s [without absmrber] Equation (17).

The setup 550 may be used for photon number resolving detection.

[0104] FIG. 5B shows the measured probabilities of photon detection by SPAD-1 588 (see
circles and fitting line 595) and SPAD-2 590 (see diamonds and fitting line 596), total
transmission (see triangles and fitting line 597) and total absorption (see black line 598)
probabilities as a function of phase delay ¢ between the two arms of the interferometer 570.
The error bars represent the Poisson noise of randomly arriving photons. The highest photon
absorption probability of 0.88 is marked by the white star in FIG. 5B.

[0105] The measured single-channel probabilities of photon detection (see results 595, 596)
exhibit visibilities = 87% and oscillate almost in phase with a small shift of less than 0.37.
Visibility of the total transmission probability, shown by the result 597 is around 78%,
demonstrating high contrast modulation between the regimes of coherent total transmission and
coherent total absorption. Total probability of single-photon absorption is shown by the result
line 598 in FIG. 5B. In the regime of total absorption, single photon is coupled to the bi-layered
system with a probability of 88% (shown by the white star in FIG. 5B). As described earlier,

the advantage of coherent illumination becomes even more obvious when the number of active
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layers increases: the coupling efficiency may not or does not change under coherent

illumination and may still reach 100% for high-dimensional systems.

Calculation of a practical (or realistic) detector

[0106] As a close to practical realisation example, the optical responses of a single-layered
superconducting nanowire single-photon detector (SNSPD) detector and a ten-layered SNSPD
detector may be compared. The detection of light may be considered at a wavelength of
A =1550 nm where the active layers may be fabricated out of niobium titanium nitride (NbTiN)
with a refractive index of 4.74 - 5.47i. Active layers may be separated by silica layers of
thickness ¢ (27510:} = 516 nm ('S10; = 1.5). The same silica layers may be assumed to be on
both sides of the structure so that the total interface is air-silica-NbTiN-silica-NbTiN-...-
NbTiN-silica-air. The thickness of each NbTiN layer may be set to about 6 nm. As a parameter
of the problem, the filling factor of the SNSPD nanowire may be used where the effective index
method is used to evaluate the effective optical constants of the active layer. Using the transfer
matrix method, the optical parameters of the structures may be obtained.

[0107] In FIG. 6A, the results of the calculation for the transmission (T) 690a, reflection (R)
691a, and absorption (A) 692a coefficients of a single-layered SNSPD detector are shown. With
an increase of the filling factor, the absorption 692a tends to the maximum level of 0.5. At the
same time, as may be observed from the calculation for absorption shown in FIG. 6B, the
maximum absorption of a standing wave (see result 693b) tends to values close to unity,
compared to that of a travelling wave (see result 694b) approaching to values close to 0.5.
[0108] FIG. 6C shows the results of the calculation for the transmission (T) 690c, reflection (R)
691c, and absorption (A) 692c coefficients of a ten-layered SNSPD detector. The optical
response of the ten-layered detector reaches optimal values much faster - at a filling factor of
around 0.15. At this point, the entire structure may behave as an ideal coherent absorber with
the maximum absorption of a standing wave (see result 693d) equal to one, as may be observed
from the calculation for absorption shown in FIG. 6D. Such a detector absorbs light
deterministically while multiple detecting layers allow a photon number resolving operation. As
also shown in FIG. 6D, the maximum absorption of a travelling wave (see result 694d) reaches

0.5
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[0109] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes in
form and detail may be made therein without departing from the spirit and scope of the
invention as defined by the appended claims. The scope of the invention is thus indicated by the
appended claims and all changes which come within the meaning and range of equivalency of

the claims are therefore intended to be embraced.
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CLAIMS

1. A method of detecting photons comprising:

arranging a plurality of light absorbing elements to interact with an electromagnetic
standing wave at a corresponding plurality of points of the electromagnetic standing wave to
absorb at least part of the electromagnetic standing wave, the plurality of light absorbing
elements being spaced apart from each other; and

detecting electrical signals generated in response to the absorption to detect photons

corresponding to the electromagnetic standing wave.

2. The method as claimed in claim 1, further comprising determining a quantity of the

photons based on the electrical signals.

3. The method as claimed in claim 1 or 2, wherein arranging the plurality of light
absorbing elements comprises arranging the plurality of light absorbing elements to interact
with the electromagnetic standing wave at a corresponding plurality of anti-nodes of the

electromagnetic standing wave.

4. The method as claimed in any one of claims 1 to 3, further comprising inducing a
relative movement between the plurality of light absorbing elements and the electromagnetic
standing wave to arrange the plurality of light absorbing elements to interact with the
electromagnetic standing wave at a corresponding plurality of nodes of the electromagnetic

standing wave.

5. The method as claimed in any one of claims 1 to 4, wherein, for each spacing between
respective two adjacent light absorbing elements of the plurality of light absorbing elements,
the spacing is equal to a whole number of half of a wavelength of the electromagnetic standing

wave.

6. The method as claimed in any one of claims 1 to 5, wherein the electromagnetic

standing wave comprises a free space electromagnetic standing wave.
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7. The method as claimed in any one of claims 1 to 6, further comprising interacting two
counter-propagating waves cooperatively with each other to form the electromagnetic standing

wave.

8. The method as claimed in claim 7, further comprising generating the two counter-

propagating waves from an electromagnetic travelling wave.

9. The method as claimed in claim 7, further comprising generating, from an
electromagnetic travelling wave, a reflected propagating wave, wherein the electromagnetic

travelling wave and the reflected propagating wave define the two counter-propagating waves.

10. The method as claimed in any one of claims 7 to 9,

wherein interacting the two counter-propagating waves comprises propagating the two
counter-propagating waves in a waveguide structure for the two counter-propagating waves to
interact cooperatively with each other in the waveguide structure to optically confine the
electromagnetic standing wave in the waveguide structure, and

wherein arranging the plurality of light absorbing elements comprises arranging the

plurality of light absorbing elements optically coupled to the waveguide structure.

1. The method as claimed in any one of claims 7 to 9,

wherein interacting the two counter-propagating waves comprises propagating the two
counter-propagating waves through respective two optical fibers arranged spaced apart from
each other for the two counter-propagating waves to interact cooperatively with each other in a
spacing between the two optical fibers, and

wherein arranging the plurality of light absorbing elements comprises arranging the

plurality of light absorbing elements in the spacing.

12. The method as claimed in any one of claims 1 to 11, further comprising arranging a
plurality of optically transparent physical spacers, wherein a respective optically transparent
physical spacer of the plurality of optically transparent physical spacers is arranged in between

respective two adjacent light absorbing elements of the plurality of light absorbing elements.
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13. The method as claimed in any one of claims 1 to 11, wherein a respective space in
between respective two adjacent light absorbing elements of the plurality of light absorbing

elements is defined by vacuum or air.

14. The method as claimed in any one of claims 1 to 13, wherein each of the plurality of
light absorbing elements comprises a superconducting nanowire single-photon detector, a
superconducting microwire single-photon detector, a superconducting film of a transition edge
sensor, a p-n junction of a single photon avalanche diode, a photocathode of a photomultiplier

tube, a gain region of a visible light photon counter, or a solid-state photomultiplier.

15. A photon detector arrangement comprising:

a plurality of light absorbing elements configured to be arranged spaced apart from each
other to interact with an electromagnetic standing wave at a corresponding plurality of points of
the electromagnetic standing wave to absorb at least part of the electromagnetic standing wave;
and

a circuit configured to be electrically coupled to the plurality of light absorbing
elements, the circuit being configured to detect electrical signals generated in response to the

absorption to detect photons corresponding to the electromagnetic standing wave.
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