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Short-wave infrared compressive imaging of
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Abstract: We present a short-wave infrared (SWIR) single photon camera based on a single
superconducting nanowire single photon detector (SNSPD) and compressive imaging. We
show SWIR single photon imaging at a megapixel resolution with a low signal-to-background
ratio around 0.6, show SWIR video acquisition at 20 frames per second and 64x64 pixel
video resolution, and demonstrate sub-nanosecond resolution time-of-flight imaging. All
scenes were sampled by detecting only a small number of photons for each compressive
sampling matrix. In principle, our technique can be used for imaging faint objects in the mid-
IR regime.

OCIS codes: (230.0040) Detectors; (270.5570) Quantum detectors; (280.4788) Optical sensing and sensors.
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1. Introduction

Single-photon detection offers high timing resolution [1] and detection of the photon flux at
the shot-noise limit [2]. The combination of both these features yields a detection system that
can measure the photon’s arrival time from an object with very low photon return flux [3].
When spatial resolution is desired, an array of single photon detectors serves as a camera, still
maintaining shot-noise limited detection along with good timing resolution. In addition, an
array of single photon detectors may serve as part of a sensitive spectrometer operating at the
shot-noise limit, able to resolve the time-of-arrival of the single photons simultaneously as
well as their spectral information. Ideally, for this application, a single photon detector array
would cover a large spectral range to allow for hyper- or multi-spectral imaging. When
combining spectral and spatial resolution, such an array can be utilized for 3D-ranging
imaging applications where the measurement of the emission/return spectrum may
simultaneously be acquired. To probe the emission spectra of various objects, compounds or
molecules at a distance, the system should be sensitive in the short-wave and mid-wave
infrared regime of the electromagnetic spectrum. However, there is no array of such single-
photon sensitive detectors available beyond 1700 nm. Silicon based technologies are
available, but only offer a narrow range of accessible wavelengths (400 nm - 1000nm) [4, 5]
and InGaAs based technologies are sensitive out to about 1700 nm [6].

Superconducting nanowire single-photon detectors (SNSPDs) are a good candidate for
detection of single photons beyond 1700 nm. Recently, a single-photon imager was
demonstrated based on this superconducting detector technology [7]. The SNSPDs were also
recently implemented in an 8 x 8-pixel array enabling low-resolution, real-time imaging [8].
Boosting the resolution, i.e. number of pixels, of such devices to beyond 1 megapixel will
require years of development. However, when utilizing compressive imaging, the scene can
be acquired with megapixel-resolution using only one single detector [9—11]. Compared to
InGaAs based technologies, SNSPDs can be operated in a free-running mode where no gating
is required. In addition, the spectral responsivity for 1550 nm optimized SNSPDs has been
shown to reach into the mid-IR regime [12]. When optimizing the SNSPDs for the mid-IR,
detection of single photons out to 7 um was recently achieved [13]. Furthermore, SNSPDs
can offer excellent timing resolution [14] and extremely low dark count rates [15]. Also, work
is currently underway to develop compact cryocoolers for ease of use and field-deployment
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[16]. All these features make the use of SNSPDs with compressive imaging an attractive
application for single-photon imaging in and beyond the SWIR regime.

Utilizing a single SNSPD and compressive imaging, we present a single-photon camera
capable of video acquisition, megapixel and sub-nanosecond timing resolution in the short-
wave infrared (SWIR) regime up to 2500 nm.

2. Theory

In the following, we briefly describe the current compressive imaging theory and our
algorithm for sparse successive image (video) reconstruction. Compressive imaging utilizes
the sparsity of a scene by finding the major components of a small basis set representing the
scene [9]. Most commonly, a single pixel detector is used for detection, and a digital micro
mirror device (DMD) chooses a subset of a quasi-random orthogonal sampling matrix with
known basis set. We can represent the image as a single vector (x) of length N?, where N” is
the resolution of the DMD, e.g., 256 x 256 pixels (N = 256):

y =, (M

where @ represents an M x N matrix of sampling vectors, @, each with length N°, and M is
the number of sampling vectors used for the image acquisition. Each vector @is reshaped into
an N x N pattern that will be uploaded onto the DMD and intercept the image’s information
(intensity) content. The measurement outcomes y represent the projection of the image vector
onto the sampling vectors, thus the total reflected intensities. As sampling vectors, we use a
quasi-random arrangement of + 1 and —1, based on Sylvester-Hadamard (SM) matrices of
size N* x N°. The use of these matrices allows fast reconstructions due to existing fast
Hadamard transforms. Since a raw SM matrix has repetitive patterns, a random permutation
of all columns and a subsequent random choice of M rows are required to obtain the quasi-
random sampling vectors @ [9]. To translate the £ 1-SM matrix representation to the on/off
(1/0) setting choices of the DMD, we use a positive and a negative projection of the same
sampling vector in sequence. By subtracting the two measurement outcomes we obtain a
background-subtracted measurement outcome equivalent to probing the image with the & 1-
SM matrix representation [17].

Compressing images can be effectively used with minimal loss of information for sparse
scenes. Sparsity (or approximate sparsity) states that a signal can be well represented with
few signal components within an appropriate basis. As a result, sparse scenes (images) can be
distinguished from noise because of this structure. Instead of raster-scanning the scene and
requiring N” measurements, one can acquire the image with M < N measurements for
complicated scenes and M << N for well-structured signals. After performing a still image
acquisition, we analyze the measured intensities using the TVAL3 algorithm [18], where we
solve the TV/L2 + problem.

Additionally, compressed sensing can be leveraged to obtain images in rapid succession to
form video. With sufficient frame rates, the temporal gradient between frames should also be
sparse and help with smooth image transitions. We modified the total-variation definition
used in the still image reconstructions to be that of a weighted anisotropic total-variation
operation defined as

TV (x) = H[Vf,vi,zvjf A . @)

1

where V' is a finite gradient operator, T is a transpose operation, ||-||; is the L'-norm, x and y
are the two spatial degrees and ¢ is the temporal degree of freedom, respectively. Note the
larger weight given to the temporal sparsity. The factor of 2 was determined empirically and
allowed for a continuous flow of the video while reducing the frame-to-frame noise. Drawing
from [19], augmented Lagrangian algorithms specifically used with circulant sensing matrices
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were altered to use fast-Hadamard transforms. Additionally, the gradient operators were
designed with periodic boundary conditions such that video reconstructions could be
accomplished with only fast-Hadamard transforms, fast-Fourier transforms, gradient
calculations, and soft-thresholding.

3. Experiments and results
3.1 Still image and real-time video acquisition

We present experimental results demonstrating the performance of our system. Figure 1
shows the experimental setup for imaging a vintage light bulb filament in the SWIR regime.
The objects are projected onto a DMD using a 69 mm focal-length imaging lens. The DMD
samples the objects’ projection with many quasi-random sampling patterns at the desired
resolution. The raw-pixel resolution of our DMD is 1920 x 1080 pixels. However, we are
only using a subset of the available DMD pixels, a square pattern of 1024 x 1024 pixels. To
reduce the raw-pixel resolution of our DMD, we collate S x S raw DMD pixels into one super
pixel. For example, a 64 x 64 image will occupy the 1024 x 1024 area of the DMD with a
super pixel size (S x S) of 16 x 16. A two-lens collection setup is used to couple the reflected
intensity into a 17 um core diameter multimode fiber. A series of ND filters serve as
attenuators. A 1450 nm long pass filter ensured that only SWIR-photons will enter the
multimode fiber. The silica multimode fiber had a cutoff at 2500 nm, resulting in a photon
detection region from 1450 nm to 2500 nm. Our SNSPD operates in an optical cryostat at
approximately 1 K. The SNSPD was optimized for 1550 nm [20], but was still sensitive out to
2500 nm [12].

For the experimental demonstrations, we use two different data collection setups. We use
a commercially available photon counter to measure the reflected intensity off the DMD
when acquiring still images. However, the data transfer rate of the photon counter is limited.
Therefore, for SWIR video acquisitions we used a custom digital-to-analog converter,
converting the detected photon detection events into an analog voltage. Using a data-
acquisition system, sampling at 2 MHz, allowed us to record the analog voltage stream. This
quasi real-time acquisition allowed us to flash DMD patterns at a rate of about 10 kHz while
counting the detected photons for each pattern. The image processing is performed after all
the data was acquired, and we use the TVAL3 algorithm [18] to reconstruct still images while
our custom TV-minimization algorithm was used to reconstruct video.

|5Pc|—>|Pc| |DACHDAQ|—>| pc |

data collection |H Image processing |—\_>'

|
ND filters Collection optics —

S qptical digital micromirror
: : fiber, device (DMD)

| .

1 1

1 I

: S~NlSKPD : 1450 nm long pass filter

t----- : imaging lens

object

Fig. 1. Experimental Setup. An object is projected onto the DMD. Collection optics guides the
reflected photon stream into a multimode fiber and towards a superconducting nanowire
detector (SNSPD), cooled to 1 K. The data collection is done using a standard single photon
counter (SPC) or via a custom digital to analog converter (DAC) and data acquisition hardware

(DAQ).
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Figure 2(b) shows a 1024 x 1024 image of a vintage light bulb filament (a conventional
photograph of the light bulb with its filament is shown in Fig. 2(a)). The image was acquired
using 41943 quasi-random sampling matrices, and therefore a 4% sampling ratio compared to
raster scanning. Note that a total of 83886 measurements were needed to project into the + 1-
SM matrix representation. The background-subtracted average photon count rate was 470000
s”', the average background count rate was 730000 s~ and the integration time per DMD
pattern was 100 ms. Most of the relatively large background originated from the black body
radiation emitted by the DMD and its surrounding non-active areas. A smaller fraction of the
background rate originated from the multimode fiber, about 70000 s™'. However, even though
the background is larger than the signal, a good reconstruction of the image is possible. The
fact that the = 1-SM matrix representation requires the subtraction of two signals resulting
from subsequent DMD patterns, rejects the background and intensity variation within the
pattern flash rate except for the associated shot noise. This demonstration shows that this
method can tolerate large-background environments if the signal due to projective
measurements is above the shot noise originating from background and signal combined. The
total image acquisition time was 2.3 hours, neglecting the time required for data transfer. The
long integration time stems from the 83886 measurements at an integration time of 100 ms.
Below we show video acquisitions using much shorter integration times, when the DMD was
flashed at a rate of about 10 kHz. The reconstruction of the 1024 x 1024 image shown in Fig.
2(b) took about 160 s on a 6-core desktop PC, running at 3.33 GHz. When sampling with
lower sampling ratios, the filament can still be discerned, as shown in Figs. 2(c) and 2(d).
Both images were taken with 1% and 0.25% sampling ratio, respectively.

Fig. 2. Experimental results of still images. (a) Conventional photograph a vintage light bulb
and its filament. (b)-(d) 1024 x 1024 images of the vintage light bulb filament for sampling
ratios of 4%, 1% and 0.25%, respectively.
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The above results show the capability of acquiring SWIR regime images with a single
pixel SNSPD. However, in those cases the total image acquisition time was long and limited
to the single photon counter response time. To speed up the image acquisition time and allow
for real-time video acquisition at 10 frames per second (fps), we implemented an 8-bit, 1.3
GHz digital counter converting the single photon pulses into an analog output voltage. The
resulting voltage ramp was used to determine the photon count for each DMD pattern.
However, while this method offers potential for high speed acquisition, the timing resolution
is lost. To capture the timing information along with the intensity at high photon rates, fast
data-throughput time taggers will be required.

We acquired two 10 s, 10 fps videos of the vintage light bulb filament at a resolution of
32x32 and 64x64 pixels. The 64x64 pixel video data was then further processed to achieve a
video rate of 20 fps. Visualization 1, Visualization 2, Visualization 3, and Visualization 4
accompany this paper in the supplemental material. The videos were taken with an average
detected photon count rate of 1.4-10° s™'. The sampling ratio, photon counts and background
counts per DMD pattern are summarized in Table 1.

Table 1. Summary of sampling ratio, photon and background count per DMD pattern for
10 fps and 20 fps video acquisition at a resolution of 32x32 pixels and 64x64 pixels,

respectively.
fps resolution | sampling ratio | photon count/pattern background count/pattern
10 32x32 46.9% 150 12
10 64x64 11.7% 154 10
20 64x64 5.9% 77 5

For both 10 fps videos, 960 patterns were flashed onto the DMD within the 100 ms
integration time for each of the 100 video frames. Thus, the DMD patterns were flashed at a
rate of 9.6 kHz. Since the full-array DMD switching time is about 56 us, we only used the
remaining 48 ps for integration of the photon count at each DMD pattern. The average photon
count per DMD pattern during the bright phase of the light bulb was about 150, and the
background count was about 10. For the video acquisitions, we reduced the background count
rate (compared to the still image acquisition) to the natural background count rate emitted by
the multimode fiber using better spatial filtering and by placing a neutral density filter in front
of the DMD. Table 1 also shows the summary of parameters for the video at 20 fps. In this
case, we used the data acquired for the 10 fps video, but divided the number of patterns
flashed onto the DMD for one video frame by two, therefore doubling the video frame rate in
post-processing. Good reconstruction of the light bulb filament is still possible at this frame
rate and with an average photon count of 77 photons per DMD pattern. We speculate that at
higher resolution, e.g. 128 x 128, the average detected photon number per DMD pattern will
further decrease due to the sparsity of the imaged scene. The sparsity of the scene plays a
dominant role for the minimum number of detected photons required to enable reconstruction
of the scene. If the return photon count signal variation due to random DMD patterns is above
the shot noise of the background and signal combined, a reconstruction of the scene should be
achievable.

3.2 Time-of-flight measurements

In the preceding section, we demonstrated video and still image acquisition in the SWIR
regime, where the spatial degree of freedom was measured for each image or video frame.
Since our SNSPDs have exquisite timing resolution, we can perform single photon time-of-
flight measurements, in principle capable of acquiring the depth of a scene [10]. To
demonstrate the time-of-flight measurement capability of the system, we use a fiber
spectrometer [21] and compressive imaging to probe the spatial-spectral distribution of a
pulsed laser illuminating a diffuser. The measurement setup is shown in Fig. 3.
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Fig. 3. Experimental setup to measure the time-of-flight on sub-nanosecond time scales.
Distinct frequency modes of a pulsed laser with 10 MHz repetition rate are converted into
distinct time modes by use of a dispersion compensation module. The resulting light is directed
to a diffuser and subsequently imaged onto a DMD. The return photon signal is collected into a
single mode fiber and detected with an SNSPD. Time tagging electronics allowed sorting the
returned photons into individual time bins.

We used a 100 ps-pulse laser diode with distinct frequency modes, about 1 nm apart. The
output spectrum, measured with an optical spectrum analyzer, is shown in the inset of Fig. 3.
Sending the laser pulses through a dispersion compensation module (DCM) translates the
frequency modes into distinct time modes. This setup is similar to the fiber spectrometer used
in earlier work to measure the output spectrum of spontaneous parametric down-conversion
processes [21-23]. The DCM had a dispersion of about 1 ns/nm, thus transferring the distinct
frequency modes into distinct time modes, about 1 ns apart. After the DCM, the light was
free-space coupled onto a diffuser, and the speckle pattern was imaged onto the DMD. The
reflected light was coupled into a single mode fiber and directed to an SNSPD. The laser
output trigger served as a timing reference and trigger for our time-tagging electronics. All
return photons were time-stamped and subsequently sorted into time bins. We flashed 19000
patterns onto the DMD while integrating the photon return flux for 100 ms for each DMD
pattern. The DMD resolution was 512 x 512 pixels, resulting in a sampling ratio of 3.6%. We
then used our custom TV-minimization algorithm to reconstruct an individual image for each
time bin. We chose a time bin width of 128 ps, compatible with the temporal jitter of our
SNSPDs. A compilation of 275 reconstructed frames (35.2 ns total length) into a video is
accompanying this paper in the supplementary material.
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Fig. 4. (a) 512x512 pixels image reconstructed at the brightest frame system detection time of
15 ns, corresponding to a wavelength of 1543 nm. The speckle pattern from the diffuser can
clearly be observed. (b) Pulsed laser spectrum (in time) after the DCM. A video accompanies
this paper and shows the image reconstructions at all time bins. The time bin width was 128 ps.
The red lines correspond to a system detection time of 5.2 ns and 15ns, respectively. (c)-(f)
Zoom into the central region of the diffusor at the brightest frame system detection time of 15
ns at sampling ratios of 3.6%, 1.8%, 1.2% and 0.9%, respectively.

Figure 4(a) shows the full-resolution diffuser speckle pattern during illumination with the
laser pulse at a wavelength of about 1543 nm, corresponding to the setup detection time of
about 15 ns. The speckle pattern is clearly visible and changes in the speckle pattern can be
observed as a function of wavelength in the accompanying video. Figures 4(c)-4(f) show a
zoom-in into the center region of the diffusor. The images were reconstructed at sampling
ratios of 3.6%, 1.8%, 1.2% and 0.9%, respectively. We lowered the sampling ratio on the
same data set using less measurements for the individual reconstructions. The full-resolution
speckle pattern at the peak intensity shown in Fig. 4(a) was reconstructed with a total photon
detection count of 10, thus an average detected photon count of about 526 photons per DMD
pattern. The total photon count for all 275 frames was about 3-10°, resulting in an average
detected photon count of about 57 per frame and DMD pattern. Figures 5(a)-5(d) show the
acquired time histograms for the first four DMD patterns. A large variation in the time-
dependent signal can be observed. This means that at the resolution of the DMD the spatial-
spectral distribution varies significantly, which is not surprising since we are observing a laser
speckle pattern, where the spatial distribution strongly depends on the wavelength. Figures
5(e)-5(h) show a zoom-in into the central region of the diffusor at a system detection time of
5.2 ns and sampling ratios of 3.6%, 1.8%, 1.2% and 0.9%, respectively. At the system
detection time of 5.2 ns, the average number of detected photons per DMD pattern is 59.
Analyzing the photon statistics for all DMD patterns, we find that the standard deviation in
the number of detected photons is about 39, a factor of 5 larger than the shot noise of the
average detected photon count.
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Fig. 5. (a)-(d) Acquired time histograms for the first four DMD patterns. (¢)-(h) Zoom into the
central region of the diffusor at a system detection time of 5.2 ns and sampling ratios of 3.6%,
1.8%, 1.2% and 0.9%, respectively

4. Conclusion

In conclusion, we demonstrated sub-nanosecond single-photon imaging in the SWIR regime
using superconducting nanowire single-photon detectors and compressive imaging. We also
showed single-photon megapixel image acquisition with large background, video acquisition
and time-of-flight imaging with detected mean photon numbers of less than 100 photons per
DMD frame. In addition, due to the responsivity of the SNSPDs in the mid-IR regime, this
technology can be used for faint light image acquisition in the mid-IR regime where large
background signals may be present.
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