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Abstract: Hyperspectral imaging (HST) has a wide range of applications from environmental
monitoring to biotechnology. Conventional snapshot HSI techniques generally require a trade-off
between spatial and spectral resolution and are thus limited in their ability to achieve high
resolutions in both simultaneously. Most techniques are also resource inefficient with most of the
photons lost through spectral filtering. Here, we demonstrate a proof-of-principle snapshot HSI
technique utilizing the strong spectro-temporal correlations inherent in entangled photons using
a modified quantum ghost spectroscopy system, where the target is directly imaged with one
photon and the spectral information gained through ghost spectroscopy from the partner photon.
As only a few rows of pixels near the edge of the camera are used for the spectrometer, effectively
no spatial resolution is sacrificed for spectral. Also since no spectral filtering is required, all
photons contribute to the HSI process making the technique much more resource efficient.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Utilizing the properties of quantum entangled photons to enhance the performance of imaging
techniques has been an active area of research in recent decades. Sub-shot noise imaging [1,2],
quantum ghost imaging [3-5], imaging with undetected photons [6], and infra-red microscopy
[7] are just some examples of the imaging techniques made possible by the unique properties
of entangled photons. With recent improvements in source and detector technologies, these
techniques are becoming increasingly practical, and integration timescales have improved from
hours to minutes, or even seconds [8]. In this work, we showcase another advantage of quantum
correlated imaging that may provide a viable alternative to classical methods. By applying the
concepts of ghost spectroscopy [9-12] to quantum imaging, we show that snapshot hyperspectral
imaging can be achieved by measuring the position of one photon from an entangled pair, and
inferring its wavelength by making a spectral measurement on the other photon. With the use of
a time-tagging camera, we demonstrate that a ~20 kilopixel image with ~2 nm spectral resolution
over an 85 nm range can be achieved at the single photon level within a reasonable data acquisition
time of between 1 to 5 minutes, depending on the type of target imaged.

Hyperspectral imaging (HSI) is a class of imaging techniques used to obtain the spectral
information for each spatial location on an image and has a wide range of applications ranging
from environmental and agricultural monitoring, biotechnology, medical diagnostics to food
analysis [13—19]. Traditional HSI techniques rely on scanning either the spatial or spectral
degree of freedom [20,21], and can provide high resolution in both position and spectrum, at the
expense of long acquisition times due to the precision scanning required. Alternatively, so-called
snapshot hyperspectral imaging (SHSI) techniques [22] can acquire spectral data in a single shot,
by sacrificing spatial resolution. For example SHSI can be achieved using spectral filter arrays
either directly on the camera sensor [23-25], or in conjunction with a microlens array [26-28]. In
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these schemes, because an array of spectral pixels are required for each spatial pixel, a trade-off
exists, and the spatial resolution is reduced in proportion to the desired spectral resolution. SHSIT
techniques without relying on spectral filter arrays have also been demonstrated, such as using
the spatial and spectral correlations in speckle patterns [29], but the trade-off between the spatial
and spectral information still exists. Compressive sensing techniques developed from coded
aperture spectrometry has also been applied to snapshot hyperspectral imaging [30-33]. This
technique does not require sacrificing spatial resolution for spectral, however the technique can be
computational intensive and is prone to artifacts, though these issues has been greatly improved
in recent years [33]. Finally, it is worth noting that, in terms of the number of photons collected,
SHSI techniques and spectral scanning techniques can be resource inefficient. E.g. Photons
arriving at the detector will be lost through spectral filtering and in the case of compressive
sensing, at least half will be lost through the binary-coded mask. In the weak illumination regime,
this inefficiency can lead to significantly increased integration time. Spatial scanning, though
resource efficient, requires longer acquisition times to acquire a high resolution image due to
mechanical scanning.

In our SHSI demonstration, we show that the issues with resolution and efficiency can be
overcome by using entangled photon pairs. We will term this technique quantum correlation
hyperspectral imaging (QCHSI). In QCHSI, we employ the temporal and spectral (anti)correlations
in entangled photon pairs created through the process of spontaneous parametric down-conversion
(SPDC). One photon, the signal, is sent to illuminate the target, which is imaged by a time-tagging
camera. Its entangled partner photon, the idler, which had no interaction with the target, is sent
onto a spectrometer built around the same camera. The photon pairs are then identified through a
second order timing correlation measurement based on the photon detection times. Through
this process, the spectral information at each pixel will automatically emerge as a result of the
inherent spectral anti-correlation between the two photons. As the spectral information can be
collected on just a few rows of pixels on the edge of the camera, effectively no spatial resolution
is sacrificed in exchange for the spectral information. Furthermore, in this scheme, every photon
within the HSI apparatus can contribute to the image, and none are removed by scanning or
filtering. Hence the efficiency of the measurement is not fundamentally limited by the scheme
and is only limited by practical considerations such as camera and grating efficiency.

2. Experimental setup

The experimental setup for QCHSI is shown in Fig. 1. A 405.5 nm continuous wave (CW)
laser beam is focused onto a 1 mm thick Type O periodically poled potassium titanyl phosphate
(ppKTP) crystal to generate, through the process of SPDC, temporally correlated and spectrally
anti-correlated photon pairs, namely the signal and idler photons. The SPDC photons have a
spectral bandwidth of ~100 nm centered around 811 nm. After filtering out the pump with a
long-pass spectral filter, the SPDC beam is collimated by a 10 cm focal length lens. The signal
and idler photons are then separated using a D-shaped mirror (a 50:50 beam-splitter can also
be used here to create a circular shaped beam but at the cost of losing 50% of all coincidence
events). The signal photons are used to illuminate a target sample which is then imaged onto the
time-tagging camera (TPX3CAM [34,35]) where the arrival time and position of each photon is
tagged. The idler photon is sent onto a spectrometer built around a diffraction grating, lens, and
the camera.

The spectrometer is calibrated (see Supplement 1) so that pixel number can be mapped to
wavelength, therefore we can tag both the arrival time and wavelength of each idler photon.
The two photon beams are recombined, but slightly displaced, by a a half-wave plate rotated
at 45 deg in one of the paths and a polarizing beam-splitter placed just before the camera, such
that each beam will be imaged onto a different location of the camera. A 809 + 41 nm spectral
filter (Semrock FF01-809/81-25) is placed over the camera to block-off background light from


https://doi.org/10.6084/m9.figshare.21766589

Research Article Vol. 31, No. 2/16 Jan 2023/ Optics Express 2284 |

Optics EXPRESS

outside the spectral range of interest. The TPX3CAM is an event based time-tagging camera
that has a spatial resolution of 256 x 256 pixels with a pixel pitch of 55 um and an effective
temporal resolution of ~ 7 ns on each pixel. We utilize this feature to time-tag every photon
detected on each pixel and use this information to identify temporally correlated photon pairs
between the different pixels, where one photon from the pair has interrogated the target, and the
other has been diffracted by the grating. After identifying the coincident photons, the per-pixel
spectral information of the sample will automatically emerge as a result of the inherent spectral

anti-correlation between the signal and idler photons.
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Fig. 1. (a) A 405.5nm CW pump laser beam is focused onto a 1 mm thick Type O ppKTP
crystal to generate temporal and spectrally (anti)correlated photon pairs. A long-pass (LP)
spectral filter is used to filter out the pump laser. The generated photon pairs are first
collimated by a lens before being split into two paths by a D-shaped mirror. The signal
photon is sent to illuminate a target that is imaged onto the time-tagging camera. The idler
photon is sent to a diffraction grating with the diffracted photons focused onto the camera
by a lens, placed at one focal length from the grating and camera. The two photons are
each imaged onto a different section of the camera with the aid of a polarizing beam-splitter
(PBS) and a half-wave plate (HWP) rotated at 45° placed in the path of the signal photon.
A 809 + 41 nm spectral filter is placed over the camera to block-off background light from
outside the spectral range of interest. (b) shows a raw image of the two beams captured on
the camera accumulated over 10 seconds with no target present and the spectrum obtained
from the cross-section of the spectrum arm. The semi-circular shape of the signal beam is
due to the beam spit in half by the D-shaped mirror. Convolution of the SPDC spectrum
with the instrument response (mainly from the grating, camera and the 809 + 41 nm spectral
filter) resulted in the shape of the idler spectrum.

After temporal coincidences are identified, the result is a 4-dimensional correlation data set
C,:, listing the total number of coincidence events measured between a pixel m of the signal
beam and a pixel n of the idler beam (note that both m and n are two dimensional). To recover
the spectral response of the target, some corrections need to be made. The first is to remove
accidental coincidence events due to random detection overlap between uncorrelated photons.
The expected number of accidental coincidences between pixels m and n is given by

CX¢ = NNy, (1)
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where N, is the total number of photons detected per second in pixel m(n) and 7 is the coincidence
gating time, which for this experiment is set at 20ns. The true number of coincidences can
therefore be calculated simply by subtracting the expected accidental coincidence rate from the
measured total:
] tot
Con = Co = Coi- 2)

m,n

The second is that since the measured spectrum is of the idler photon and the two photon
spectrum is anti-correlated, the coincidence spectrum obtained is in fact inverted from what is
seen by the signal photon. This inversion is corrected using the energy conservation relation

— =+ 3)

where the 4,,, A, and A; are the wavelengths of the pump, signal and idler photons. The spectrum
is then calibrated by matching the measured spectral shape to the fall-off edge of various spectral
filters.

Finally, we note that, in common with all spectrometers, the spectrum determined after these
corrections are convolutions of the target spectrum with the instrument response (mainly from
the camera and grating), to correct for this will require a careful calibration of the detection
system, which is beyond the scope the this work. More details on these corrections are outlined
in the Supplement 1.

3. Results

As a proof of principle demonstration of QCHSI, we placed three different spectral band-pass
filters - 786 + 11 nm (Semrock FF01-786/22-25), 810 + 5 nm (Semrock FF01-810/10-25) and
850 + 5 nm (Semrock FF01-850/10-25) - in the path of the signal photon, their orientation with
respect to the beam is shown in Fig. 2(a). Figure 2(b) shows a 2D projection of the background-

subtracted 4D correlation data Cyy by summing over one of the indices, i.e. Cj'® = 3, Cyrie for
the signal beam image and C;*¢ = 3., Gy for the idler beam spectrum. Cj,"® and C,"° are then

normalized separately and displayed on the same axes, i.e. C*/max(CE"*) + C"® /max(CT"®),
to better show the features in the signal image since the idler spectrum is much brighter. In this
case no post-selection is applied and every coincident pair is included. Correspondingly, the
spectrum shown in Fig. 2(c) is the average spectrum of the entire object.

In Fig. 2(d), we highlight regions of interest (ROIs) in the signal image corresponding to
placing a filter in the 4D correlation data such that only coincidence events with the signal photon
inside the ROI are considered. The resulting 2D projections clearly display the correlated idler
spectrum, from which we can infer the transmission spectrum of the ROI using Eq. (3). The
reverse is shown in Fig. 2(e), where a small ROI in the idler spectrum is selected. Here, only
regions on the target with signal photons spectrally anti-correlated with the idler photons in the
ROI will be lit up. For this target, an integration time of 100 s results in a signal-to-noise ratio
(SNR) of ~ 5 for the brightest regions of the image.

In Fig. 3, a piece of paper with small punctured holes of ~0.2 mm in diameter is placed in
front of the spectral filters to simulate a situation where the signal photons are reflected by or
transmitted through very small targets (relative to the beam size). We see in Fig. 2(b) and (c) that
due to the high noise from the small amount of transmitted signal photons, only a few bright
spots can be seen on the target and features in the spectrum are also mostly washed out by noise.
However, as seen in Fig. 2(d), if coincidences from just a few bright spots are considered, the
spectrum can still be recovered with good visibility. On the other hand, as seen in Fig. 2(e), if
only coincidences from a small ROI in the idler spectrum is considered, all points in the target
with correlated wavelength is lit up, some of which are too faint to be visible in Fig. 2(b). For this
target, an integration time of 275 s was required to achieve an SNR of >5 for the brightest spots.
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Fig. 2. a - Orientation of the 3 band-pass filters (786 + 11 nm, 810 + 5 nm, 850 + 5 nm) with
respect to the imaging beam. The blue square indicates the camera’s field-of-view. b - Image
of the twin beams after temporal correlation analysis. ¢ - Average signal photon spectrum as
calculated by energy conservation with the dashed lines showing the transmission region of
the various filters placed in the beam path. d1-d3 - Correlated spectrum of selected regions
(highlighted by the yellow circle) in the imaging signal arm with the corresponding signal
photon spectrum shown in the insets. As reference, a faint background of the full beam
is shown in the images. el-e3 Correlated image of selected regions (highlighted by the
yellow circle) in the spectrometer arm with the insets showing the corresponding wavelength
window selected for the signal photon. A faint background of the full correlated spectrum is
shown in the images as reference. Data acquisition time is 100 s and all displayed images
and spectrum are background subtracted. As the maximum intensity of the idler spectrum is
much brighter than the signal beam, the two are normalized separately in all the displayed
images in order to make features in the signal beam more visible. The displayed signal
spectrum have been smoothed through a cubic spline.
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Fig. 3. a - Orientation of the 3 band-pass filters (786 + 11 nm, 810 + 5 nm, 850 + 5 nm) with
respect to the imaging beam. Over the beam is a piece of paper with small punctured holes of
~0.2 mm in diameter. The blue square indicates the camera’s field-of-view. b - Image of the
twin beams after time correlation analysis. ¢ - Average signal photon spectrum as calculated
by energy conservation. d1-d3 - Correlated spectrum of selected regions (highlighted by
the yellow circle) in the imaging signal arm with the signal spectrum shown in the insets.
As reference, a faint background of the full beam is shown in the images. e1-e3 Correlated
image of selected regions (highlighted by the yellow circle) in the spectrometer arm with
the insets showing the corresponding wavelength window selected for the signal photon. A
faint background of the full correlated spectrum is shown in the images as reference. Data
acquisition time is 275 s and all displayed images and spectrum are background subtracted.
As the maximum intensity of the idler spectrum is much brighter than the signal beam, the
two are normalized separately in all the displayed images in order to make features in the
signal beam more visible. The displayed signal spectrum have been smoothed through a
cubic spline.
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4. Discussion

The spectral resolution of the QCHSI technique is determined by the bandwidth of the pump laser
and the resolution of the spectrometer. In this case, the pump is a narrow linewidth continuous
wave laser so the resolution limit is dominated by the spectrometer setup. Based on the thickness
of the spectral band ( 3 pixels wide) and the width of the spectral peak in the overlap region
between the 786 = 11 nm and 810 + 5 nm filters (~2nm FWHM), we estimate the spectral
resolution of our system to be ~2 nm maximum. In a previous experiment [36], where the same
SPDC source was used, a resolution of 0.7 nm was achieved with the SPDC photons first coupled
into single mode fibers before sent onto the spectrometer. This was also approximately the
theoretical limit of this SPDC source as calculated in [36]. Some improvements to the current
setup can be made in order to try reach the theoretical limit, such as tighter focusing of the pump
beam onto the crystal or expanding the idler beam size at the grating. Coupling the idler beam
into a single mode fiber can also be done, however this will come with significant losses from
fiber coupling and reduce the field of view in the signal beam. To overcome the theoretical
spectral resolution limit of 0.7 nm, the SPDC source can be improved by either using a longer
crystal or using a narrower linewidth laser.

The demonstrated QCHSI system has a spectral resolution of ~ 2 nm over a 80 nm range,
resolving 40 distinct spectral bins. The quantum efficiency of the camera is ~7% [37], and
coincident detection of 2 photons means that the total efficiency is only ~ 0.5%. For comparison,
a conventional system with 40 spectral filters and a high efficiency (>90%) CMOS camera
would have an efficiency of 2 2%. So, in the present demonstration, QCHSI is an order
of magnitude less efficient than an analagous classical approach and requires minute-scale
integration times. However, due to the quadratic efficiency scaling for coincidence detection, only
modest improvements in measurement efficiency are required to make QCHSI more effective:
for example, if a camera efficiency of 15% were achievable, the 2 photon coincidence efficiency
would be ~ 2%, matching the classical ideal analogue. Moreover, with high efficiency (>50%),
high spatial-temporal resolution (>1 Megapixel, ~ 100 ps timing resolution) SPAD array camera
technology expected to be commercially available soon [38,39], we expect real-time spectral
imaging with QCHSI will be possible, with an order of magnitude higher photon efficiency than
classical approaches.

In this initial demonstration, type-0 degenerate SPDC was used such that each photon mode
is centred at 810 nm, with a spectral bandwidth of ~100 nm. The bandwidth could be further
increased by reducing the crystal thickness for larger spectral coverage or, for increased spectral
resolution, narrower bandwidth photons could be generated by type-II SPDC. Furthermore,
non-degenerate pair sources could be used to interrogate samples in very different spectral
windows [40]. In this demonstration, the same camera is used for both the image and the spectrum
for simplicity. But, more generally, the spectral information could be obtained using a second
camera, or a separate device such as a 1D avalanche photo-diode array [41], or a time-of-flight
fiber spectrometer [42]. Finally, we note that QCHSI could also be operated in ghost imaging
mode, where the target is placed in the spectrometer arm instead of the imaging arm, however it
can be difficult to accurately find the image plane of the “ghost" target in the imaging arm using
this approach.

Though there are significant potential advantages of using QCHSI, there are still inherent
limitations in the technique which cannot be solved by improved detectors. Principally, QCHSI
is an active imaging technique where the target must be illuminated with quantum correlated
photons generated by the observer, it cannot work passively using background light. Most
conventional SHSI techniques can work both with active and passive illumination. Secondly,
QCHSI it is not suitable for imaging fluorescent targets because the wavelength change imparted
by fluoresence in the signal arm will not be detected by observing the idler arm.
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Our demonstration can potentially be performed using classical ghost spectroscopy which has
been demonstrated in recent years, using either the spectral correlation present in specialized
thermal sources [11] or through computational methods using a programmable spectral filter
[12]. Due to the nature of classical ghost spectroscopy needing to scan hundreds of spectral
patterns, we expect the data acquisition time will be similar to that presented in this work.

5. Conclusion

In conclusion, we have demonstrated a proof of concept SHSI system utilizing the strong temporal
and spectral (anti)correlations inherent in entangled photon pairs generated through the process
of SPDC. With this system, almost no spatial resolution will need to be sacrificed in exchange
for the spectral as in most conventional SHSI techniques, permitting for the maximum spatial
and spectral resolution allowed by the detection camera and imaging system to be achieved
simultaneously. In addition, the strong temporal correlation inherent in the SPDC photons also
offer high noise tolerance, a feature well studied in quantum lidars and other imaging works
[43—46]. Utilizing the noise resistant feature provided by the temporal correlation measurement
and the higher photon efficiency of the technique (no photon losses through scanning or spectral
filtering) makes this technique well suited for applications requiring weak illumination such
as covert illumination or imaging of light sensitive samples. Due to limitations in detection
technology, the performance of QCHSI is currently still far from matching commercial SHSI
cameras in terms of spatial resolution and data acquisition time, but we believe this issue can be
overcome in the near future with the advent of improved single photon detection technologies
[38,39,47,48].
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