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Abstract
An imaging measurement will be discussed with a single photon sensitive and low noise camera aiming to
a new paradigm in the optical readout of scintillation detectors. The features of the single photon sensitive
camera will be characterized and demonstrated with a measurement on double-slit Young’s interference
in single photon mode. This study is also trying to measure and identify muon tracks from 2D images
captured by CsI(Tl) crystal scintillator detectors. The proposed approach allows for direct observation
of muon tracks with a reasonable signal-to-noise ratio, eliminating the need for additional amplification
or external light sources. With further enhancements to the analysis and setup, this algorithm offers an
innovative method for particle measurement in low-photon environments and enables precise direction
measurement of scintillation detectors.
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1. INTRODUCTION
Photon detection is one of the fundamental technologies widely used in particle physics, astronomy and industry, such as Super-K
[1], KamLAND [2], JUNO [3, 4], Hubble [5], clinically and preclinically [6], X-ray imaging [7] and long-range imaging [8], etc. The
reconstruction of vertex and track is critical in most of the particle physics experiments, where it is always trying to use most of
information from photons. Ignoring polarization, each photon can be described by six coordinates when it is received: its impact
position on the photodetector surface (x, y), the time of arrival t, two directions of propagation, θ and ϕ, and the wavelength λ [9].
Photodetectors, typically PMT or SiPM in particle physics experiments, are commonly used for light strength and timing measure-
ments and some crude event localization. Generally, a full coverage of photodetector assemblies to the whole target guarantees an
overall light collection efficiency for better precision measurement as proposed in [3].

The search for a novel technology able to detect and reconstruct events in scintillation detectors has become more and more
important for dark matter and neutrino studies. An idea of detecting the light, optical and directional readout approach, proposed
many years ago [10], has received renewed attention in recent years, where the challenges are the needs of high spatial resolution
over large volumes, limited signal strength and non-negligible noise level [11]. The charge coupled devices (CCD) have been widely
used in the past as high granularity light sensors and an upgrade of classical emulsion radiograph, such as GEM-based TPC with a
2-D CCD readout for directional dark matter experiments [12, 13, 14, 15, 16], thermal neutron imaging [17], single photon counting
X-ray CCD camera spectrometer [7], photonic graph states [18], transparency measurement [19], a kilogram-scale Skipper CCD
to detect coherent elastic neutrino nucleus scattering [20, 21, 22], and classical emulsion radiograph replaced by digital detector
imaging especially in medicine applications [23]. At the same time, some other similar devices are also developed and used for
single-photon light detection and ranging (lidar) [8, 24], and single image 3-D photography [25].

But, a critical limitation of CCD is its high level of readout noise up to one to tens electrons per pixel (RMS) comparing to
the signal strength in photon counting level of particle physics experiments. Furthermore, it is commonly concluded that the
scintillation detectors are fundamentally unsuitable for the imaging applications owing to the photon-starved regime and uniform
angular distribution of the light produced in the scintillation process, where the limited photons emitted over a large angular range
cannot be imaged through a modest aperture optical system under the limitation of the sensor noise. Homogeneous scintillation
detectors give up imaging entirely, as the price to pay to collect a large fraction of the emitted photons by maximizing the coverage
with low noise photon sensors, and some equal options are discussed such as “distributed imaging” with PMTs in [9].

More recently, cameras based on active pixel sensor (APS) technology developed on complementary metal-oxide semiconduc-
tors (CMOS) have been developed that can reach tens of millions of pixels with sub-electron readout noise and single photon
sensitivity (usually referred as scientific CMOS (sCMOS)), where imaging, single photon imaging in particular, is providing an-
other new possibility. It could overcome the main limitation of the CCDs on noise used for scintillation detector to offer several
advantages: highly performing optical sensors can be easily procured and being developed for commercial applications; the use
of suitable lenses allows the possibility of imaging large area with few sensors and better spatial resolution. A combined system
of the low-noise and high-granularity cameras and fast light sensors will provide more powerful technologies and possibilities for
better reconstruction of vertex and track, and benefit for a better particle identification [26]. The identification or reconstruction of
particles in liquid scintillator detector also will get more possibilities by a further possible configuration (Figure 1).
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FIGURE 1: Simulated different partical response in liquid scintilator detector.

2. CHARACTERISTIC OF CAMERA
The single photon sensitive and low noise camera of ORCA-Quest qCMOS C15550-20UP is a new product of Hamamatsu Photonics
[27] with a rolling shutter, 4096 (H) × 2304 (V) pixels (4.6 × 4.6 µm2/pixel), a low-dark current to 0.006 electron/pixel/s and an
ultra-low readout noise to 0.27 electron rms under ultra quiet scan. The camera can be coupled with lenses through C type interface.
It will work under air cooling mode to keep the chips temperature at −20 ◦C here. For our study, a combined system except the
camera is designed with 3-inch PMTs [28] which are working at a gain of 3 × 106 with a ×10 fast amplifier to cover single photon
level, and acquired by a CAEN digitizer DT5751 [29] for signal intensity monitoring in particular. The system will be re-configured
manually in the following measurements including pulsed LED, crystal and double-slit Young’s interference.

FIGURE 2: Schema of LED testing system.

Thanks to the excellent ability of the system on light intensity control and imaging, it is exciting to realize a double-slit Young’s
interference measurement by single photon with the re-configured system. The light intensity at the output end of the interferom-
eter tube will be measured by the PMT, and in turn with the camera. The received light intensity on average by the PMT is set to
around 0.1 photon of each pulse following Poison distribution. The camera will be run without lens to view the interference fringe
directly.

The noise of the camera is measured in dark firstly, where the camera is configured in ultra-low noise mode (low frequency
mode) as mentioned. Figure 3 shows the 1-D noise plot of pixels in unit of photoelectron (p.e.),1 where the baseline is artificially
shifted to 50 p.e., converted from the raw ADC by a factor of 7.8 ADC/p.e. (the baseline in ADC is at 200). The standard deviation
(rms) of the distribution of all the pixels will be used to evaluate the noise level of the camera. The noise of the Hamamatsu camera
is much smaller than the other two typical cameras with the same exposure time.

3. DOUBLE-SLIT YOUNG’S INTERFERENCE
As known, the wave-particle duality is one of the fundamental features of quantum mechenics, which has been measured by a
lot of experiments with photons, electrons and atoms, even in single particle level [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. The
double-slit Young’s interference measurement is one of the famous experiments in the physics history and excellent interpretation

1Here, we will equally use the electron and photoelectron to evaluate the noise level or light intensity.
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FIGURE 3: The 1-D distribution of pixel noise in p.e. of the Hamamatsu camera (blue), and other two kinds of cameras (red and
green).

on quantum mechanics [42, 43, 44, 45]. While most of the previous measurements on double-slit Young’s interference with single
photon are configured with special light source, limited on the spatial resolution, single photon sensitivity and dynamic range of
the photon sensors [41, 42, 43, 46, 47, 48]. The newly developed single-photon sensitive camera, monitored by PMT in particular,
provides an excellent opportunity to realize the double-slit interference fringe in single photon level to verify the basic quantum
theory directly.

With a traditional Young’s double-slit interferometer, we will try to measure the interference fringe with single photon and
normal LED source. The light source used here is another bare LED (3 mm, λ ∼ 500 nm) without diffuser ball and working in pulse
mode by a pulse driver of 100 ns width. The light intensity at the output end of the interferometer is adjusted to single photon level,
which is around 0.02 p.e./pulse on average viewed by the PMT and much smaller than that. It means around 0.1 photon/pulse on
average considering the QE of the PMT, where the possibility of single photon per pulse is around 0.1, and more than 2 photons per
pulse is around 0.005, respectively. The relative stability of the light source monitored by PMT is around 5%. The intensities viewed
by PMT with or without the slits are further measured at the output end of the interferometer: around 7.7 p.e./pulse without either
slits d1 or d2, around 3.6 p.e./pulse only with slit d1 under the same LED configuration.

The interference fringe is clear when the exposure time sets to 60 s in Figure 4. The middle row of Figure 4 is showing the light
intensity projected to horizontal axis of each of the interference fringe, where the intensity of the interference fringe is gradually
strengthening when exposure time increasing. According to the 1-D intensity plot of all the pixels of the camera (camera noise
subtracted) as shown on the bottom row of Figure 4, it is clear that most of the pixels do not receive any photons (baseline at
around 200 ADC), few of the pixels receive only one photon (around 208 ADC), and the maximum is around 2 photons (around
216 ADC) with 0.1 s exposure time. Please note that, the photons can not arrive the camera at same time or single pulse duration
according to the setting even single pixel can receive more than one photons. Both of the pixel number with more than 1 photons
and the maximum intensity of single pixel are increasing when the exposure time increasing as expected.

4. PARTICLE IMAGING WITH CSI(TL) CRYSTAL
A 7.5 × 7.5 × 15 cm3 CsI(Tl) crystal is put in front of the camera with a distance around 10 cm (around 15 cm to the PMT). The
3-inch PMTs are used to monitor the signal intensity of the crystal, and the coincidence of the two PMTs is used as the trigger of
the DT5751, where the threshold of each PMT is set to around 1 p.e.

An 241Am alpha source (10 kBq, side/surface source, used for smoke alarm with a diameter of around 4 mm) is put on the top
surface along horizontal direction of the crystal directly, and its rate is around 150 count per second measured by a Geiger counter
near to the source surface. Here it is considered the alpha particle only (energy around 5.5 MeV), which is still the main contributor
to energy deposition than the X-ray (59 keV) even considering the quenching factor [49, 50, 51].

The monitored rate is around 10± 1 count per second only with the crystal by the data acquisition system, and around 130± 10
count per second with the source with the normalization according to the selected muon rate. The PID of CsI(Tl) [52, 53] is calculated
for all the events with a fast signal window of 500 ns as shown in Figure 5, where the alpha events (selected by PID > 0.45) can be
identified clearly from the background, and the identified rate of muon and alpha is around 3.0 ± 0.1 Hz (by PID and total charge)
and 90 ± 10 Hz at 10 cm distance, respectively. The typical intensity of single alpha event viewed by the PMT is around 80 ± 2 p.e.
at 10 cm distance to the PMT. It is expected to around 8± 1 p.e. per alpha event viewed by the camera, which is around 1/10 to that
viewed by the PMT considering the solid angle of the lens, the QE, and lens transparency.

The alpha source region is further measured with different exposure time to derive the signal strength as shown in Figure
6, where the destination region is zoomed in for detailed checking. With a taken image with exposure time 60 s, the location
of the alpha source can be identified clearly as shown in the dashed red line circle. According to the zoom in of the projected
plot along horizontal, the source dimension along horizontal direction is around 45 pixels, which means 3.4 mm considering the
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FIGURE 4: Single photon interference fringe 60 s measured by the camera with different exposure time: top row, the 2-D fringes;
middle row, the 1-D intensity of fringe; bottom row, the 1-D intensity of pixels.

FIGURE 5: PID of crystal.

imaging magnification and basically consistent with the source dimension. According to the zoom in of the projected curve along
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vertical, the energy deposit depth in vertical direction is around 15 pixels, which means around 1.1 mm considering the imaging
magnification.

A radius of 22 pixels of the alpha source region (center at around pixel (2047, 1497)) is used finally to calculate the signal
intensity in the following discussion. At the same time, the shape of the crystal can be identified dimly against the discrete noise
because of the reflection of the crystal surface. It is clearly seen that the typical intensity of each pixel of the source region is around
260 ADC (baseline 200) or 8 p.e., and the integrated intensity of the source region on this image is around 50,000 p.e., which will be
used as the measured signal strength.

FIGURE 6: Images of crystal and alpha source with different exposure time, where the value of each pixel is in unit of ADC with
200 ADC baseline.

5. MUON TRACK & SPATIAL COINCIDENCE
It is acknowledged that the noise level of the camera used in the imaging measurements is higher compared to traditionally used
PMTs or SiPMs. This becomes more challenging when employing a larger number of pixels for imaging. The signal-to-noise (S/N)
ratio is proportional to the square of the reciprocal of the focal length, assuming the object distance and source intensity are fixed.
This indicates that a shorter focal length can enhance the S/N ratio and improve the identification of the target, given the same
object distance and source intensity.

When comparing the signal shapes of an alpha-like event in a circular area and a muon track in a straight line, it is observed
that directly identifying an alpha-like event in a circular shape can be challenging due to the aimed imaging area and captured
light intensity. On the other hand, a muon track is a favorable candidate for analysis if we assume its image follows a straight line
with a narrow width. These results demonstrate the potential of utilizing muon tracks, which can be approximated as straight lines
with a narrow width, for effective signal analysis and identification.

Images of the crystal system with the alpha source and a 1-second exposure time were captured as shown in Figure 7. The
region corresponding to the source’s location will serve as an online anchor for monitoring light intensity and location. Based on
the calculations, the configuration with an object distance of 4 cm is continuously run with a 1-second exposure time for a total of
30 times. This is done to search for potential muon tracks that exhibit a better signal-to-noise ratio. These continuous runs and data
collection aim to identify and analyze any muon tracks present in the images, allowing for a more thorough investigation of the
system’s performance and the detection of muon events.

Using the captured images (with an object distance of 4 cm as an example), a survey of track candidates was conducted within
the target range. The target range is defined as the region between 1600 (x 1,1600) and 1700 (x 2,1700) in the vertical direction.
The survey considered a minimum track length of approximately 100 pixels (vertical) and a maximum track length of around
4097 pixels (from (1, 1600) to (4096, 1700)). For each assumed line in the target range, the average pixel intensity was calculated,
as depicted in Figure 8. In Figure 8, a green dotted line is plotted, representing five times the nominal noise level of the camera.
This line is parameterized in the model as (5 × 0.3 × 7.8 ADC/

√
pixel number), taking into account the observed noise tails in the

actual setup, as discussed in It is important to note that an offset (around 1.41 ADC) of the pixel average is related to the baseline of
each pixel, which is further corrected during the sum calculation. The five-times threshold efficiently selects potential tracks while
effectively rejecting noise. It is found that using a five-times threshold is more efficient than a three-times threshold, especially for
track lengths shorter than 500 pixels. These findings demonstrate the effectiveness of the five-times threshold in distinguishing
signal tracks from noise, particularly for shorter track lengths.

It is noted that the observed number of track candidates is several tens per second, which is higher than the expected rate of
three muons per second hitting the crystals. Furthermore, some of the candidate tracks exhibit directions and locations that exceed
the range of the lens’s field of view. This suggests the possibility of additional sources or artifacts contributing to the observed
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FIGURE 7: Full image of the crystal with alpha source under 1 s exposure time: object distance of 4 cm.

FIGURE 8: Average pixel intensity versus track length.

tracks. Additionally, there are instances where multiple track candidates are located near each other (indicated by yellow lines in
Figure 9). These close proximity track candidates could be attributed to potential tracks or correlated noise within the system. It is
important to note that further investigations and checks are necessary to verify the quality and origin of these track identifications.
These checks will help determine whether the identified candidates are indeed muon tracks or if they are influenced by other
factors such as noise or system artifacts.

FIGURE 9: Selected candidates of tracks under 1 s exposure time. The z-axis is the measured value in ADC of each pixel.

To further verify the identified track candidates as potential muon tracks, a check is performed by extending each track along
its candidate direction. The extension is done by adding an additional 2000 pixels or extending up to the edge of the photo. This
extension allows for an examination of the summed intensity along the track. Upon inspection, it is observed that most of the
candidates are excluded after the extension, as they fail to meet the requirement of having an average pixel intensity larger than
five times the noise level. Additionally, the sum of pixel intensities along the track for a few candidates continues to increase as the
track length extends, which is expected for true muon tracks. Moreover, the average pixel intensity for these candidates exceeds
the five-times threshold. These findings suggest that most of the candidates can be excluded as potential muon tracks, while a
few candidates exhibit characteristics consistent with true muon tracks. However, it is important to note that further checks and
analysis are necessary to confirm the quality and authenticity of these identified candidates.

The intensity distribution is displayed in Figure 10. The raw length of this candidate is approximately 1786 pixels (which
extends to around 2880 pixels after the track extension). The averaged intensity per pixel is around 0.318 ADC (after subtracting
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the baseline offset of 1.41 ADC from the raw value of 1.728 ADC). The summed intensity along the track is approximately 568 ADC
over 1786 pixels, equivalent to around 73 photoelectrons (p.e.). Considering the expected spread of muon charge intensity, both of
these candidates demonstrate characteristics that make them potentially good candidates for muon tracks. However, it is crucial
to conduct further analysis and verification to confirm their nature as genuine muon tracks. Furthermore, a measurement with
possible spatial coincidence is very useful to suppress the noise of camera as shown in Figure 11.

FIGURE 10: Extended track in 3D.

FIGURE 11: Spatial coincidence.

6. SUMMARY
The single photon sensitive and low noise camera provides another novel possibility for imaging for the photon-starved regime
and uniform angular distribution of scintillation detectors. With a combined system constituted by 3-inch PMTs and the camera,
the double-slit Young’s interference with a single photon can be achieved, and a single 241Am alpha event with CsI(Tl) crystal is
closely to be distinguished. A spatial coincidence system is further proposed as an attractive option to suppress the random noise
of the camera and improve the signal-to-noise ratio, where the lenses with a larger effective aperture are also favored for further
applications. The imaging of muon tracks was further tested, and the data were analyzed based on the expected characteristics.
Some potential tracks were identified using averaged signal intensity cuts. However, there are still a few crucial aspects that need to
be finalized, and several improvements have been proposed and suggested. The achievement of direct measurement of muon tracks
holds significant value for future experiments and applications. With further advancements and improvements, the realization of
direct measurement of muon tracks through the proposed system is a valuable advancement with potential applications in various
fields.
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