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Executive Summary

The Photon Detectors Topical Group has identified two areas where focused R&D over the next decade could
have a large impact in High Energy Physics Experiments. These areas described here are characterized by
the convergence of a compelling scientific need and recent technological advances.

The development of detectors with the capability of counting single photons from IR to UV has been a very
active area in the last decade. Demonstration for sensors based on novel semiconductor (CMOS, skipper-
CCD, SiPM) and superconducting technologies (MKID, SNSPD and TES) have been performed. These
sensors open a new window for HEP experiments in the low photon number regime. Several ongoing and
future projects in HEP benefit from these developments (Cosmology, Dark Matter, Neutrinos) which will also
have a large impact outside HEP (BES, QIS, Astronomy). The combined scientific needs and technological
opportunities make photon counting an ideal area for focused R&D investment in the coming decade. Such
investment will secure leadership in photon counting technologies in the US, producing a large impact in
HEP, with applications outside HEP. This opportunity is summarized in Ref [245].

A technological solution for the photon detection system in the first two modules of the DUNE detector exist,
based on the by now well-known Arapuca light traps, with wavelength shifters and SiPMs as the photon
detector [1], [2]. However, new photon detector developments are being considered for modules 3 and 4.
Some of the proposed ideas consist on novel light collectors, the so-called dichroicons which are Winston-
style light concentrators made from dichroic mirrors, allowing photons to be sorted by wavelength, directing
the long-wavelength end of broad-band Cherenkov light to photon sensors that have good sensitivity to
those wavelengths, while directing narrow-band shortwavelength scintillation light to other sensors [3]. This
technology could be used in water-based liquid scintillators thus realizing a hybrid Cerenkov/scintillator
detector. Also notable are research and development efforts in new materials that could be directly sensitive
to the VUV light, such as amorphous selenium (a-Se) [4] and organic semiconductors [5] Future investment
in the above technologies over the next decade will enhance the science of the DUNE project.
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Figure 2-1.
Left) 64-pixel SNSPD array capable of counting over 1 billion photons per second with time resolution below
100 ps for Astronomy (JPL Microdevices Laboratory). Righ) 1.3 Mpix skipper-CCD capable of deep sub-
electron noise (LBNL Micro Systems Laboratory) developed for Astronomy and direct Dark Matter Search.

2.1 Photon Counting Sensors Enabling HEP

2.1.1 Science Needs

Several novel cosmological facilities for wide-field multi-object spectroscopy were proposed for the Astro2020
decadal review, and are being considered as part of the Snowmass process [200]. Ground-based spectroscopic
observations of faint astronomical sources in the low-signal, low-background regime are currently limited by
detector readout noise. Significant gains in survey efficiency can be achieved through reductions by using
sensors with readout noise below le-. Pushing the current photon counters in the direction of mega pixel
arrays with fast frame rate ( 10 fps) would make this possible.

Dark matter searches based on photon counting technologies currently hold the world record sensitivity for
low mass electron-recoil dark matter [21] semiconductors are among the most promising detector technologies
for the construction of a large multi-kg experiment for probing electron recoils from sub-GeV DM (skipper-
CCDs) [16]. Significant R&D is needed to scale to scale the experiments from the relatively small pathfinders
to the multi-kg experiments in the future.

Single photon counting sensors have also gained importance for their potential as CEvNS detectors. (Co-
herent Elastic neutrino Nucleus Scattering ) [24]. The deposited energy from CEvNS is less than a few keV.
Ounly part of this energy is converted into detectable signal in the sensor (ionization, phonons, etc.) and
therefore low threshold technologies are needed. Semiconductor and superconducting technologies with eV
and sub-eV energy resolution for photon counting capability in the visible and near-IR are natural candidates
to reach the necessary resolution for this application.

Photon counting also enables a wide range of science outside HEP [245] including QIS, BES and applications
in radiation detection.
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2.1.2 Technological Opportunities

Recent advances in photon counting technology addressing the needs in Section 2.1.1 are discussed here.
The advances can be grouped in three areas.

2.1.2.1 Superconducting Sensors

MKIDs (microwave kinetic inductance detector) work on the principle that incident photons change the
surface impedance of a superconductor through the kinetic inductance effect [156]. The magnitude of the
change in surface impedance is proportional to the amount of energy deposited in the superconductor,
allowing for single photon spectroscopy on chip. Frequency multiplexed arrays 20,440 pixels with energy
resolution R=E/AE~9.5 at 980 nm, and a quantum efficiency of ~35% have been achieved. R&D focused
on larger arrays with higher QE and better energy resolution would address the need discussed in Sec. 2.1.1.

SNSPDs (Superconducting Nanowire Single Photon Detector) is a superconducting film patterned into a
wire with nanometer scale dimensions (although recently devices with micrometer-scale widths have been
shown to be single-photon sensitive [130]). SNSPDs have been reported with single photon sensitivity for
wavelengths out to several microns, timing jitter as low as a few ps [131], dark count rates (DCR) down
to 6 x 1076 Hz [66], and detection efficiency (DE) of 0.98 [185]. They have also been have been shown to
function in magnetic fields of up to 6T [135]. Current R&D consist on scaling to large arrays and extending
the spectral range for these sensors to address the needs of HEP and Astrophysics.

TES (Transition-Edge Sensor) photon detector, which utilizes a patterned superconducting film with a
sharp superconducting-to-resistive transition profile as a thermometer, is a thermal detector with a well
developed theoretical understanding. When a visible or infrared photon is absorbed by a TES, the tiny elec-
tromagnetic energy of the photon increases the temperature of the TES and therefore changes its resistance.
TES have been developed to measure single photons in quantum communication [191, 142, 102, 101], for
axion-like particle searches [42, 85], direct detection of dark matter particles and astrophysical observations
in the wavelengths between ultraviolet and infrared [53]. TES detectors can be multiplexed enabling arrays
of large channel counts [44, 84, 82]. Multiplexers for detector arrays using 16,000 TESs have already been
successfully implemented [44]. R&D exploiting microwave resonance techniques [82] have the potential to
increase the multiplexing capacity by another factor of 10.

2.1.2.2 Semiconducting Sensors

skipper-CCDs Skipper-CCDs have an output readout stage that allows multiple non-destructive sampling
of the charge packet in each pixel of the array thanks to its floating gate output sense node. This non-
destructive readout has been used to achieve deep sub-electron noise in mega-pixel arrays Skipper CCDs
fabricated on high resistivity silicon [116] has also demonstrated an extremely low production of dark counts.
This technology as motivated to build a new generation of Dark Matter [16, 20] and neutrino experiments
[169]). The R&D effort here is currently is currently focused on faster readout (10 fps) and large gigapixel
arrays.
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CMOS The down scaling of CMOS technology has allowed the implementation of pixels with a very low
capacity, and therefore, high sensitivity and low noise (1-2e~) at room temperature and high frame rates
(50-100 fps) [149][98]. Commercial cameras with sub-electron noise at 5 fps are now available. These sensors
have not yet played a big role in HEP mainly because of the small pixel size. Active R&D taking advantage of
CMOS fabrication process to address the needs of HEP is ongoing to produce, including the development of
new CMOS sensors with non-destructive readout (skipper-CMOS). These sensors could address the readout
speed limitations of other semiconductor photon counters. The single photon avalanche diode (SPADs) have
also been implemented in standard CMOS technology and integrated with on-chip quenching and recharge
circuitry addressing fast timing and radiation tolerance requirements from HEP [246].

Photon-to-Digital converter In a PDC, each SPAD is coupled to its own electronic quenching circuit.
This one-to-one coupling provides control on individual SPADs and signals each detected avalanche as a
digital signal to a signal processing unit within the PDC. Hence, PDCs provide a direct photon to digital
conversion considering that intrinsically a SPAD is a Boolean detector by design. Digital SiPMs were first
reported in 1998 [35] by the MIT Lincoln Lab and many contributions followed [35, 36]. A major step
came with microelectronics integration to fabricate both the SPAD and readout quenching circuit in a single
commercial process [242, 127, 129, 128, 189, 187]. These innovations led to the first multi-pixel digitally read
SPAD arrays [188, 172]. A recent review can be found in Ref. [183].

2.1.2.3 Extending wave length coverage

Ge semiconductor Silicon CCDs are commonly utilized for scientific imaging applications in the visible
and near infrared. These devices offer numerous advantages described previously, while the skipper CCD [221]
adds to these capabilities by enabling multiple samples during readout to reduce read noise to negligible
levels [23, 72]. CCDs built on bulk germanium offer all of the advantages of silicon CCDs while covering
an even broader spectral range. The R&D in this area will extend the photon counting capabilities of
semiconductor into the IR.

UV Jet Propulsion Laboratory showed that CCD sensitivity can be increased closed to the reflection-
limited quantum efficiency of silicon down [115]. This was done by blocking the surface fields and traps
through the epitaxial growth of a strongly doped very thin silicon layer (delta-doping). Quantum efficiency
exceeding 50% were demonstrated in CCDs down to 125 nm wavelength [173]. The method was demonstrated
efficient on backside illuminated SPAD based detectors by Schuette in 2011[202]. Other methods to address
the surface fields and traps issues were also demonstrated [168]. Work is being done at Caltech (D. Hitlin)
to enhance SiPMs for the detection of the fast scintillation component of BaF3 [113]. An extensive study of
the delta-doping approach to enhance VUV sensitivity in frontside illuminated SPAD based detectors was
done by Vachon [226].

2.2 Photon Detectors For Neutrino Experiments

A large number of outstanding questions remain to the fundamental nature of the neutrino, which can be
probed through the use of higher energy ( O(MeV) < E < O(GeV)) neutrino sources (e.g., accelerator
and atmospheric neutrinos). The nature of these remaining puzzles break into the distance over which the
neutrinos are allowed to propogate before being detected. Thus the future class of experiements are classified
as “short-baseline” and “long-baseline” experiments.
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Figure 2-2. Example of photon detector development for neutrinos: the dichroicon, from arXiv:2203.07479

The next generation long-baseline neutrino experiments aim to answer the questions of the exact ordering of
the neutrino mass states, known as the mass hierarchy, as well as the size of the CP-violating phase §. These,
as yet unknown quantities, remain one of the last major pieces of the Standard Model of particle physics and
offer the opportunity to answer such fundamental questions as “what is the origin of the matter/antimatter
asymmetry in the universe?” and “do we understand the fundamental symmetries of the universe?”’. By
measuring the asymmetry between appearance of electron neutrinos from a beam of muon neutrinos (P(v,, —
v.)) compared to the appearance of electron antineutrinos from a beam of muon antineutrinos and P(7,, —
T.)) as well as the precise measurement of the v, energy spectrum measured at the far detector, both the
CP violating phase (dcp) and the mass hierarchy can be measured in the same experiment.

The Short-Baseline Neutrino (SBN) program aims to address the anomalous neutrino results seen by the
LSND and MiniBooNE which suggest the possible existence of a eV mass-scale sterile neutrino. However,
the experimental landscape is perplexing since a number of other experiments utilizing a range of different
neutrino sources which should have been sensitive to such a sterile neutrino have observed only the standard
three neutrino oscillations. In this landscape, the conclusive assessment of the experimental hints of sterile
neutrinos becomes a very high priority for the field of neutrino physics.

To address both of these areas of neutrino research, large scale noble element time projection chambers
(TPC’s) [236, 193] play a central role and offer an opportunity to perform discovery level measurements
through the enhancement of their capabilities. In a noble element TPC, particles interact with the medium
and deposit their energy into three main channels: heat, ionization, and scintillation light. Depending on the
physics of interest, noble element detectors attempt to exploit one or more of these signal components. Liquid
Noble TPC’s produce ionization electrons and scintillation photons as charged particles traverse the bulk
material. An external electric field allows the ionization electrons to drift towards the anode of the detector
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and be collected on charge sensitive readout or transform energy carried by the charge into a secondary pulse
of scintillation light.

A technological solution for the photon detection system in the first two modules of the DUNE detector exist,
based on the by now well-known Arapuca light traps, with wavelength shifters and SiPMs as the photon
detector [1], [2]. This approach is also being used in other short baseline neutrino oscillation experiments[12],
but not exclusively [11]. Beyond this,new photon detector developments are being considered for modules 3
and 4 as well as for other approved or proposed experiments|[3].

Going beyond DUNE’s first two modules Quoting from the executive summary of the Snowmass
IF2 White Paper Future Advances in Photon-Based Neutrino Detectors[3], "large-scale, monolithic detectors
that use either Cherenkov or scintillation light have played major roles in nearly every discovery of neutrino
oscillation phenomena or observation of astrophysical neutrinos. New detectors at even larger scales are
being built right now, including JUNO [?], Hyper-Kamiokande [6], and DUNE [8].

These new technologies will lead to neutrino physics and astrophysics programs of great breadth: from high-
precision accelerator neutrino oscillation measurements, to detection of reactor and solar neutrinos, and even
to neutrinoless double beta decay measurements that will probe the normal hierarchy regime. They will also
be valuable for neutrino applications, such as non-proliferation via reactor monitoring”.

7Of particular community interest is the development of hybrid Cherenkov/scintillation detectors, which
can simultaneously exploit the advantages of Cherenkov light—reconstruction of direction and related high-
energy particle identification (PID) and the advantages of scintillation light, high light-yield, low-threshold
detection with low-energy PID. Hybrid Cherenkov/scintillation detectors could have an exceptionally broad
dynamic range in a single experiment, allowing them to have both high-energy, accelerator-based sensitivity
while also achieving a broad low-energy neutrino physics and astrophysics program. Recently the Borexino
Collaboration [9] has published results showing that even in a detector with standard scintillator and no
special photon sensing or collecting, Cherenkov and scintillation light can be discriminated well enough on a
statistical basis that a sub-MeV solar neutrino direction peak can be seen. Thus the era of hybrid detectors
has begun, and many of the enabling technologies described here will make full event-by-event direction
reconstruction in such detectors possible”.

Among the new technologies of relevance for this topical group, it should be mentioned

New Photon Sensors : New advances in the science of photomultiplier tubes, including long-wavelength
sensitivity, and significant improvements in timing even with devices as large as 8 inches, make hybrid
Cherenkov /scintillation detectors even better, with high light yields for both Cherenkov and scintillation light
with good separation between the two types of light. Large Area Picosecond Photon Detectors (LAPPDs)
[10] have pushed photon timing into the picosecond regime, allowing Cherenkov /scintillation separation to
be done even with standard scintillation time pro

les. The fast timing of LAPPDs also makes reconstruction of event detailed enough to track particles with
the produced photons.

New Photon Collectors : Dichroicons, which are Winston-style light concentrators made from dichroic
mirrors, allow photons to be sorted by wavelength thus directing the long-wavelength end of broad-band
Cherenkov light to photon sensors that have good sensitivity to those wavelengths, while directing narrow-
band shortwavelength scintillation light to other sensors. Dichroicons are particularly useful in high-coverage
hybrid Cherenkov /scintillation detectors.
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