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Abstract
Laser-driven light sources in the extreme ultraviolet range (EUV) enable nanoscopic imaging with unique label-free elemental 
contrast. However, to fully exploit the unique properties of these new sources, novel detection schemes need to be developed. 
Here, we show in a proof-of-concept experiment that superconducting nanowire single-photon detectors (SNSPD) can be 
utilized to enable photon counting of a laser-driven EUV source based on high harmonic generation (HHG). These detec-
tors are dark-count free and accommodate very high count rates—a perfect match for high repetition rate HHG sources. In 
addition to the advantages of SNSPDs for classical imaging applications with laser-driven EUV sources, the ability to count 
single photons paves the way for very promising applications in quantum optics and quantum imaging with high energetic 
radiation like, e.g., quantum ghost imaging with nanoscale resolution.

1  Introduction

The ability to visualize small features down to the nanoscale 
has ever since been an important key to scientific and tech-
nological advances. The resolution of a conventional micro-
scope is limited by Abbe’s law to approximately half of the 
wavelength of the light source. Thus, a straightforward way 
to improve the resolution is to decrease the wavelength of 
the light. Using light in the extreme ultraviolet (10–124 nm 
wavelength) and soft X-ray range (1–10 nm) for micros-
copy enables nanoscale resolution and exhibits an unique 
high elemental contrast combined with the ability to pen-
etrate a few micrometer into solid samples [1, 2]. However, 
the technical realization of such microscopes is extremely 

demanding in every aspect starting from the light source via 
the available optics to the detection of the radiation.

For a long time, synchrotrons were the only source with 
adequate photon flux for extreme ultraviolet (EUV) and 
soft X-ray (SXR) imaging applications. However, recent 
advances in the development of high-power ultrashort 
lasers drastically improved the photon-flux of laser-driven 
EUV sources using the process of high harmonic genera-
tion (HHG) in gases [3–5]. When ultrashort infrared laser 
pulses are focused into diluted gases, a small fraction of the 
infrared photons is coherently converted [6, 7] into higher 
harmonics of the fundamental frequency, reaching wave-
lengths down to a few nanometers. The emitted EUV or SXR 
radiation has laser-like properties such as high spatial coher-
ence and low beam divergence. Because of the large band-
width it can even support pulse lengths on the attosecond 
scale [8]. To date, HHG, at least in the low energetic EUV 
range ( ∼ 30eV), reaches photon-fluxes that are comparable 
to large-scale facility synchrotrons [9]. As a consequence, 
laboratory-based EUV imaging [10, 11], as well as spec-
troscopic applications [12, 13] became feasible triggering 
widespread research activities in these fields.

Besides the light source, the technical implementation 
of the optical setup is equally demanding. Due to strong 
absorption, refractive optics like lenses cannot be used. 
Instead, grazing incidence mirrors or Fresnel zone plates 
must be employed. This, however, constrains the achievable 
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numerical apertures (NA) and in consequence the resolu-
tion. These limitations can be mitigated by lensless imaging 
techniques [14, 15]. The sample is illuminated by the source 
and the diffracted light is directly sent to the detector with-
out any optics in between the sample and detector. Then, 
the actual image needs to be computed from the recorded 
diffraction pattern by numerically reconstructing the miss-
ing phase with sophisticated phase retrieval algorithms [16]. 
Since these regularly require a high degree of coherence, 
HHG sources are very well adapted to lensless imaging 
approaches [11].

Yet, one challenge remains: the detection process of the 
diffracted EUV radiation itself. The sensitivity of an EUV 
detector for lensless imaging methods should be as high as 
possible for several reasons. On the one hand, the resolution 
directly scales with the number of detected photons [17], i.e, 
the signal-to-noise ratio (SNR). Typically in EUV imaging, 
high SNR is realized by high photon flux, high quantum effi-
ciency, and long exposure times over which the photon flux 
is integrated. On the other hand, it is beneficial to actually 
limit the incidence flux on the sample. After all, EUV and 
SXR light is ionizing radiation and induces damages [18].

In common EUV/SXR imaging applications typically 
back-illuminated thinned silicon-based CCD detectors are 
used as detectors. The quantum efficiency of these detec-
tors can reach values higher than 90 % [19] in the EUV 
range. However, the SNR is limited by read-out noise and 
dark counts and thus not ideal for EUV imaging with mini-
mized photon throughput. Furthermore, due to its integrat-
ing measurement principle in conjunction with the vastly 
different illumination of different regions on the detector as 
typical for lensless imaging, these detectors cannot exploit 
the very high repetition rate of several 100 kHz of high-flux 
HHG sources since the readout times are typically in the 
order of milliseconds to even seconds. Therefore, an opti-
mal detector for imaging application with HHG radiation 
should offer high readout speed, ideally event-based after 
every laser pulse, and a high SNR, only limited by the pho-
ton shot-noise. Fast single-photon counting detectors can 
fulfill these requirements [20]. In addition, such detectors 
would open up novel quantum optical imaging possibilities 
in the EUV, which can reduce the required flux on the sam-
ple even below the classical limits by methods like quantum 
ghost imaging [21].

Photon counting in the EUV and SXR range usually has 
been implemented in the past by applying electron multiplier 
multichannel plates (MCP). However, these devices suer 
from low efficiencies limited by the open area ratio of the 
device, high dark count rates, and limited count rates. For 
harder X-rays, CCD cameras can detect single photons and 
thus can be used as counting detectors, but the above-men-
tioned readout-time limits persist. For lower energy photons, 
counting with CCDs is not possible due to read-out noise. 

A variety of photon counting semiconducting detectors like 
avalanche photo diodes [22] or electron-multiplier-CCD 
detectors [23] are available but mostly for the infrared and 
optical wavelength range. Therefore, these devices typically 
exhibit no or very low detection efficiency for EUV and SXR 
photons and their count rates are typically much smaller than 
the repetition rate of high flux HHG sources.

Here, we demonstrate that superconducting nanowire sin-
gle-photon detectors (SNSPDs) [26], which originally were 
also designed for infrared radiation [27], can directly be uti-
lized for photon counting of EUV radiation from laser-driven 
high harmonic sources. These detectors, invented almost two 
decades ago [24], are based upon breaking of superconduc-
tivity in a very thin and narrow cryogenic-cooled nanowire 
when a photon is absorbed. Their working principle can 
be explained in a simplified way by the so-called hot spot 
model [25]: The superconducting nanowire (a few nanom-
eters thick and tens of nanometers wide) is biased by a cer-
tain direct current (DC) I

B
 below its maximum supercurrent 

(the critical current I
c
 , see Fig. 1b). If a photon with suf-

ficiently high energy h� hits the superconducting nanowire 
and is absorbed, a small region of the wire, the so-called 
hot spot, becomes normal conducting. The critical current 
density of the superconductor is exceeded around this hot 

nanowire

substrate
hotspot

a

b c d

Fig. 1   SNSPD working principle in a simplified hot spot model [24, 
25]: a Artwork of photon absorption by SNSPD. b Below critical cur-
rent density, critical temperature and critical magnetic field, the com-
plete meandered nanowire is superconducting and a constant DC bias 
current I

B
 is applied. A photon with energy h� hits the meander and 

is absorbed. c The energy of the absorbed photon is high enough to 
generate a so-called hot spot in the nanowire (red area). By this, the 
current density exceeds the critical current density of the supercon-
ductor and a small normal conducting region covers the whole cross-
section of the nanowire. This resistive part together with I

B
 generates 

a voltage peak across the SNSPD. d After a few nanoseconds (see 
also Fig. 3) the heat is distributed and dissipated into the substrate of 
the SNSPD (and finally to the cryogenic bath) and the entire nanow-
ire becomes superconducting again and is ready for a new event
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spot. Therefore, the normal conducting region expands and 
covers the whole cross section of the nanowire (see red area 
in Fig. 1c). This resistive part of the nanowire together with 
I
B
 generates a voltage peak across the SNSPD. After a few 

nanoseconds, the thermal energy will be distributed to the 
substrate of the SNSPD and finally to the cryogenic bath. 
The entire nanowire becomes superconducting again and 
the SNSPD is ready for a new photon event (Fig. 1d). The 
actual mechanism behind this photon detection and the role 
of magnetic vortices are still under investigation [28, 29]. 
SNSPDs can be fabricated in pixalated arrays [30], which 
are in principle suited for imaging applications and are pre-
dominantly used for photon counting in the far and near 
infrared and the visible spectral range. Nowadays, they are 
commercially available and become more and more popular 
in the heavily growing fields of quantum optics, quantum 
communication and quantum imaging [31–34].

When applied to EUV radiation, SNSPDs have two major 
advantages in comparison to other single-photon detectors 
like above-mentioned avalanche photo diodes or multiplier 
tubes. The recovery time lies in the range of a few nanosec-
onds or even picoseconds and thus SNSPDs can achieve 
count rates up to several GHz. This makes SNSPDs a perfect 
match to the repetition rate of state-of-the-art high-flux HHG 
sources driven by a repetition rate of several 100 kHz [9]. 
Furthermore, SNSPDs exhibit an outstanding low dark count 
rate and thus would allow background-free detection. There-
fore, SNSPDs in the EUV range are promising detectors not 
only for imaging applications, but also for experiments to 
measure the quantum statistics of HHG sources as Gorlach 
et al. proposed [35].

We want to point out that SNSPDs have actually been 
applied to harder x-ray radiation > 6keV by Inderbitzin et al. 
[36–39] by increasing the thickness of the wire for higher 
absorption of x-ray photons (X-SNSPD). However, to the 
best of our knowledge they have never been utilized neither 
for EUV radiation in general nor with laser-driven high har-
monic sources in particular. As a proof-of-concept, we show 
in the following that a 10 nm thin meandered NbN-SNSPD, 
originally developed for the visible range, is capable of pho-
ton counting in the EUV.

2 � Setup

For the proof-of-concept study a SNSPD was illuminated 
with EUV radiation from an HHG source [40]. Figure 2a 
shows the experimental setup.

The HHG source is driven by laser pulses with a central 
wavelength of 1300 nm, a pulse energy of 2 mJ, a pulse 
duration of ∼ 50fs, and with a repetition rate of 1 kHz. These 
pulses are generated by an Optical Parametric Amplifier 
(OPA), which was pumped with a Ti:Sa laser (35 fs pulse 

duration, 9 mJ pulse energy central wavelength 790 nm). By 
focusing the linearly polarized laser pulses from the OPA 
into an argon gas jet, the HHG process is triggered, result-
ing in a mixture of EUV radiation with the typical harmonic 
comb structure and remaining infrared laser light. EUV pho-
tons up to an energy of ∼ 100 eV are produced [41]. They 
are separated from the laser radiation by thin metal foils. 
Two filter materials were used. Aluminum transmits EUV 
radiation in the range of 15 to 72 eV, whereas zirconium 
transmits radiation above ∼ 60eV. In addition to the spectral 
filtering, the foils are also used for differential pumping of 
the residual gas load from the gas jet in the HHG chamber. 
Ultrahigh vacuum conditions at the position of the cryogenic 
SNSPD are crucial to avoid freezing of the nanowire chip.

The divergent EUV radiation is focused into another 
vacuum chamber by a toroidal mirror. At the focus of the 
EUV beam, a flat EUV mirror can be moved into the beam to 
steer it into a high resolution EUV spectrometer [42], which 
served as an online diagnostic for the produced HHG radia-
tion. Without the mirror, the divergent beam propagated to 
another pumping stage into the detection chamber consisting 
of the cryogenic cooling unit and the actual SNSPD, which 
was exposed to the EUV radiation without any further filter 
foils. Due to the divergence of the EUV beam behind the 
focus and the finite size of the SNSPD, the amount of photon 
flux on the detector could be controlled by its distance to 
the focus. It has been set to ∼1 m to limit the photon flux in 
the SNSPD area to less than one photon per laser shot and 
thus to ensure single-photon events. The toroidal mirror was 
used to steer the beam to the detector and to ensure overlap.

The SNSPD consists of a 10 nm thick and 100 nm wide 
meandered niobium nitride nanowire with a gap size of 
100 nm, resulting in an active area of about 4.8 × 4.8�m2 
with a filling factor of 0.5 [27]. The nanowire is embedded 
in a coplanar waveguide connected to a bias-tee, which sepa-
rates the bias and readout lines. A battery-powered current 
source was used to bias the detector. The pulses upon photon 
detection were amplified by means of two amplifiers (Mini-
Circuits ZX60–33LN-S+) at room temperature with an 
overall gain of about 35 dB. The amplified signal was then 
observed and recorded with an oscilloscope. In addition, 
a standard photo diode was used to register the incoming 
IR-pulses on the same oscilloscope to enable coincidence 
measurements.

Here, we irradiate the 4.8 × 4.8�m2 large active area of 
the SNSPD with broadband EUV radiation from an HHG 
source. The incident EUV spectrum is shown in Fig. 2b). 
It ranges from ∼ 35 to 72 eV limited by the aluminum fil-
ter. Hence, the detector is hit by photons with a variety of 
different discrete photon energies. The simulated absorp-
tion depth of the EUV radiation for three different energies 
(40 eV, 55 eV, 70 eV) is depicted in Fig. 2c). Depending on 
the photon energy the absorption in the 10 nm-thin NbN 
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wire is up to 35 % including the filling factor of 0.5. The 
remaining radiation is absorbed in the bulk material (Al2O3 ). 
The absorption in the wire and thus the nominal detection 
efficiency could be drastically enhanced by a larger filling 
factor and increased wire thickness. Nevertheless, even in its 
current form, we demonstrate that the SNSPD is capable to 
count single photons of an HHG source.

3 � Results

When the SNSPD was irradiated with the broadband EUV 
radiation, the detector registered single-photon events. Fig-
ure 3 shows several typical signal traces of such events at 
an operating temperature of the SNSPD of 3.0 K and a bias 
current of 62� A ( 74 % of critical current I

c
 , I

c
= 84�A).

Fig. 2   a Experimental Setup: the laser radiation of an OPA is focused 
into an argon gas jet. EUV radiation is produced and filtered from 
laser light by thin metal foils. After that, the EUV beam is focused 
by a toroidal mirror to an intermediate focus and then propagates to 
the SNSPD. Additionally, a mirror can be moved to the focus area to 
steer the beam into an XUV spectrometer. The signal of the SNSPD 
is amplified with a room temperature amplifier (Mini-Circuits 
ZX60–33LN-S+) and measured with an oscilloscope. Furthermore, 
the signal of an IR diode is used to register the incoming IR pulses 
in coincidence. b Spectrum of the HHG radiation with an aluminum 

filter foil used to separate the EUV radiation from the remaining 
infrared laser light. The filter has a transmission window of 15–72 eV, 
which determines the bandwidth of the EUV photons incident on the 
SNSPD. c Caluculated penetration depth of EUV radiation into the 
SNSPD, which consists of a meandered 10  nm thick NbN layer on 
a sapphire substrate. Up to 35 % of the radiation is directly absorbed 
in the NbN layer. The remaining part is absorbed in the substrate. 
The area lling factor of the meandered wire of 0.5 has been already 
included in this calculation

Fig. 3   Typical signal traces of the SNSPD in case of EUV photon 
illumination. In total 23 event traces are shown in the graph. The 
pulse height is determined by the operating current I

B
= 62� A, the 

matching of the detector to the readout circuit and the signal amplifi-
cation. The operating temperature of the SNSPD was T = 3.0K
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The pulse height of around 100 mV after amplification 
lies in the expected range for the readout setup and cor-
responds to the pulse height in the case of photon detection 
in the visible range. For a 10 nm thick detector, we expect 
the resistance of the normal domain after photon absorption 
to be much higher than the 50Ω impedance of the read-
out. Therefore, the signal amplitude does not vary with the 
normal domain resistances induced by the absorption of 
photons of different energies. Thus, the pulse height itself 
does not allow for the energy resolution of the incoming 
photons. The decay time of around 4 ns is determined by the 
kinetic inductance of the nanowire, which roughly accounts 
to L

k
= �0�

2
NbN

l∕(wd) ≈ 42 nH , with the vacuum perme-
ability �0 , the magnetic penetration depth �NbN ≈ 550 nm 
[27, 31], and the nanowire’s total length l = 110� m, width 
w = 100 nm and thickness d = 10nm. The overshoot and 
long tail of the signal amplitude after 4 ns is related to the 
reactances in the bias and readout circuit and reflections in 
the readout line. The long tail is mostly caused by an imped-
ance mismatch between the SNSPD-chip and the output line. 
It takes about 50–100 ns to fully converge the output signal 
of the measurement system. Note, that this is neither the 
recovery time of the SNSPD nor does it influence the detec-
tion efficiency or the dark count rate of the system.

At a bias current of 62� A, the count rate was 940 events 
per minute and thus far below the repetition rate of the 
source of 1kHz, which ensures that the detection events are 
related to single incident photons. To prove that the detected 
events are really caused by EUV photons, the measurement 
was repeated with the infrared driving laser switched off 
to show that the events are neither dark counts nor caused 
by any residual light inside the chamber. Indeed, no event 
occurred during five minutes. As a second test, the gas sup-
ply was switched off while maintaining the laser radiation 
to prove that the events are not triggered by infrared pho-
tons, which might have passed through the aluminum filter. 
Again, no events were detected within five minutes. Both 
findings prove that the events are caused by EUV photons. 
As an additional cross-check, we investigated the time-delay 
between the incoming laser pulse and a detected event. Fig-
ure 4 shows a typical signal trace as well as the signal of 
the photo-diode, which detects the incoming IR pulses (see 
Fig. 2a).

All detected events are clearly correlated to the laser 
pulses. The jitter of the time-delay between SNSPD 
( l = 110� m, w = 100nm) signal and diode signal between 
27 different events was 50 ps (FWHM) at a mean value of 
28.115ns, which corresponds to the lengths of the BNC cable 
( ∼ 12 m) used for the diode signal. The time-delays of several 
events are depicted in Fig. 4b). The timing jitter is attributed 
to the hot spot emergence and subsequent vortex crossing 
upon photon absorption [43]. At higher photon energies, the 
exponential distribution diminishes. The recorded jitter lies 

in the expected range, which is known from IR measure-
ments with geometrically comparable SNSPDs ( l = 30� m, 
w = 110nm) [44].

After the above-mentioned proof of EUV photon detec-
tion by the SNSPD, we want to discuss the efficiency of 
the detection process in the following. The experiment is 
arranged to have a high probability to register single-pho-
ton events only. It is done in such a way, that the recorded 
count rate was adjusted to be significantly lower than the 
repetition rate of the laser. This was realized by placing 
the detector in the divergent beam instead of the focus 
region, the photon-flux hitting the detector area could 
be changed by adjusting the distance of the detector to 
the focus point. The time structure of the EUV photons 
within a single laser pulse is in the order of femtoseconds 
or even attoseconds. Thus, they are indistinguishable with 
respect to the time resolution of the detector, which is in 
the order of picoseconds. The overall flux of the source in 
this spectral range can be estimated to be 3 × 109 photons/s 
in the full bandwidth (see also Fig. 2b). Considering the 
active area of the detector of ∼ 25 m2 and the beam size 
( 1∕e2 ) at the detector position of roughly 0.8 cm2 a maxi-
mum of 880photons/s will hit the detector assuming an 

a

b

Fig. 4   a Time-delay of the EUV-related SNSPD signal to the driv-
ing infrared laser pulse: The rising edge of the SNSPD signal (red) 
is used for triggering. Additionally, a fast photo diode was used to 
detect the HHG-driving infrared laser pulse. The diode signal (blue) 
has been propagated within a ≈ 12 m long BNC cable resulting in a 
delay of approx. 28ns. The bias current was set to I

B
= 62� A and the 

operating temperature was T = 3.0 K. b Time-delay between SNSPD 
signal and driving infrared laser pulse for several events: The gray 
dots depict the time-delay for a single measurement. The red dashed 
line shows the mean value
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ideal Gaussian beam shape and perfect alignment of the 
small detector area directly at the center of the beam. 
However, as mentioned above, the measured count rate 
was 940counts/min or ∼ 16counts/s. This can be explained 
by two effects. On the one hand, the real beam shape is 
distorted and no longer Gaussian since a toroidal mirror 
(see Fig. 2a) was used for an intermediate focusing of the 
beam as well as for steering the beam to the fixed detector 
position. By aiming with the toroidal mirror to the detec-
tor, the angles are adjusted and the former Gaussian beam 
profile becomes strongly elongated at the detector due to 
astigmatism. We roughly estimate this effect to lower the 
incident photon number by at least one order of magnitude. 
On the other hand, only a part of the incident photons is 
actually detected by the SNSPD due to the restricted effi-
ciency. It is limited by the absorption in the nanowire and 
lies around 10–35 % for the given spectral window (see 
Fig. 2c). However, as literature predicts, it is possible to 
absorb a high energetic photon also in the substrate and 
afterwards dissipate the energy into the nanowire and still 
break superconductivity [36]. Consequently, this effect can 
increase the efficiency of the used detector in a trade-off 
with the timing jitter, since the duration of the dissipation 
process is randomly distributed. Due to the small numbers 
of measurements within this first proof-of-concept experi-
ment, a robust analysis of the delay times with regard to 
substrate absorption is not possible. It will be investigated 
in continuative experiments.

Nanowires with thicknesses in the range of the penetra-
tion depth of EUV photons into NbN would ensure that the 
photons are absorbed by the SNSPD and not by the under-
lying substrate. This will significantly increase the overall 
detection efficiency of the detector from which the targeted 
EUV imaging applications would heavily benefit. Therefore, 
SNSPDs can be optimized for the EUV range as they have 
been developed for the x-ray range [37].

To quantify the effect of the bias current on the detec-
tion rate of the SNSPD, the count rates for different currents 
were measured by keeping all other parameters constant. 
The result is depicted in Fig. 5.

With increased bias current the count rate is also 
increased. This effect can be explained by the spectral band-
width of the HHG radiation. The detector is illuminated with 
broadband harmonic radiation between ∼ 35 − 72eV. For a 
low bias current only photons with very high energies are 
able to break superconductivity and thus are registered. In 
other words, the detector is blinded for all photons below a 
certain energy depending on the bias current. For higher bias 
currents this detection limit shifts to lower photon energies. 
This gives rise to a certain integrated energy resolution of 
the detection scheme by altering the bias current. Spectrally-
resolved measurements will be conducted in the future to 
investigate this effect in more detail.

The HHG source is capable of producing photons up to 
an energy of ∼ 100eV. To demonstrate the capabilities of 
the SNSPD in this higher energetic region, we interchanged 
the aluminum filter of the HHG source with a zirconium 
foil. Thus, radiation between ∼ 60 − 100 eV hits the detec-
tor and could be registered. However, the IR-transmission 
of the used zirconium foils for the driving laser wavelength 
was higher in comparison to the aluminum filter. Therefore, 
infrared photons reached the detector and caused high count 
rates in the order of 20counts per second even without actual 
harmonic radiation. By exploiting the above-mentioned 
dependence of the detection process on the bias current it 
was however possible to select a current ( I

B
= 30�A), which 

switched the sensitivity of the SNSPD for infrared photons 
almost completely off while simultaneously maintaining 
the EUV sensitivity. Therefore, the detector can be used to 
count EUV photons even if remaining infrared laser light 
is present. The ability to blind the detector for IR light is a 
significant advantage over other detector technologies. To 
preserve the detector from too high infrared photon-flux, we 
had to slightly changed the beam direction for measurements 
at higher photon energies to hit the detector only at the edge 
of the Gaussian light distribution. For this reason, we meas-
ured an EUV count rate of 5 counts/minute for EUV photons 
above 60eV. The background count rate with infrared laser 
only (gas supply off) was 0.6counts/minute.

4 � Conclusion

Our findings prove that a single-photon detector based on 
superconducting nanowires can be utilized for photon count-
ing of EUV photons in particular from a laser-driven HHG 
source with very low dark count rates. The laser repetition 
rate in the presented experiment is 1kHz. Novel fiber-laser 
approaches for high-power laboratory-based HHG sources 
however are realized by drastically increasing the repetition 
rate up to the MHz [45] regime so that the high possible 
count-rate of the SNSPD can be exploited in the future. The 

Fig. 5   Count rate of the SNSPD ( I
c
= 84� A, T = 3.03 K) in depend-

ence of the bias current
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detector can be blinded for infrared photons by adjusting 
the bias current, which is a major advantage for laser-based 
EUV sources. Apart from the possibility to disregard low 
energy photons, SNSPDs inherently offer only limited ways 
to differentiate between photons of different energies [46].

For imaging purposes, spatial resolution needs to be 
added to the detection scheme. This could be implemented 
with pixelated setups of several SNSPDs or by measuring 
the position of the event on the meandered wire by evaluat-
ing the delay between the signal at the two ends [47]. The 
presented proof-of-concept paves the way for future applica-
tions of SNSPDs and other cryogenic detector schemes [48, 
49] for laser-based high harmonic light sources in coherent 
imaging [50], EUV quantum optics [35], and quantum imag-
ing [51, 52].
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