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REQUIREMENTS FOR UNDERGROUND AND LOW BACKGROUND DETECTORS

➤ This session was joint between CF01: Dark Matter - Particle Like; RF04: 
Baryon and Lepton Number Violation (where neutrinoless double beta 
decay experiments live) and NF05: Neutrino Properties (where also 
n0dbd lives but also represented other underground neutrino detectors). 
The group had also liaisons from the relevant frontiers including IF.  

➤ As in other areas, the BRN has done a significant amount of the 
groundwork on instrumentation. See next slide.  

➤ There were discussions about the advantages of a single purpose 
detectors for each effort versus multi-purpose detectors.  

➤ Is a single purpose detector always better than multi-purpose.  

➤ Synergies need to be found to go beyond ton-scale detectors for the 
different areas.  

➤ Synergies in instrumentation is a way to move forward. 



SUMMARY OF THE BRN REPORT ON LOW BACKGROUND AND UNDERGROUND DETECTORS 

Relation to Low backgrounds and Underground Detectors

• Technology: Noble Elements, Photodetectors
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Priority Research Direction (PRD) Technical Requirement (TR)

PRD 4: Enhance and combine existing modalities to in-
crease signal-to-noise and reconstruction fidelity
PRD 5: Develop new modalities for signal detection

TR 1.3.3, 2.1, 2.4, 2.5, 2.7, 2.9, 3.3, 3.6,
3.9, 3.12, 3.13, 3.15, 3.17, 3.19

PRD 6: Improve the understanding of detector micro-
physics and characterization to increase signal-to-noise and
reconstruction fidelity

TR 2.8, 2.9, 3.3, 3.6, 3.9, 3.12, 3.13,
3.15, 3.17, 3.19

PRD 25: Advance material purification and assay methods
to increase sensitivity

TR 2.3, 3.1, 3.4, 3.7, 3.10

PRD 26: Addressing challenges in scaling technologies TR 2.1, 2.3, 2.4, 2.7, 2.9, 3.2, 3.5, 3.8,
3.11 , 3.14, 3.16, 3.18, 3.20

Table 15: Table mapping Priority Research Directions to Technical Requirements.

Connection to physics requirements for the future: Noble element detectors operate over a wide
range of energy scales, observing tracks of MeV to GeV scales for neutrino experiments like DUNE, and
down to the keV nuclear recoils that would be induced by dark matter scattering. Pushing these detectors
to lower energy thresholds while maintaining control of backgrounds is a priority for this technology, driven
by requirements for new physics searches as discussed in Sections 3.2 and 3.3.

A major challenge in the detection of neutrinos in argon TPCs is to reach high signal-to-noise per readout
channel in 10-kt scale detectors (see TR 2.7, TR 2.9). Achieving high spatial resolution readout (at the sub-
mm scale) (see TR 2.1, 2.4) is an active area of R&D focused on improving reconstruction fidelity at lower
energy thresholds, as well as reducing neutrino interaction systematic uncertainties (see TR 2.1, 2.7, 2.9).

Key issues in the detection of dark matter are to reach recoil energy thresholds at the keV-scale and below
(see TR 3.3, 3.6, 3.9, 3.12, 3.13, 3.15, 3.17, 3.19), and to demonstrate particle identification for discrimination
against backgrounds at these low thresholds. Given current constraints in physics parameter space, dark
matter-induced signal rates are predicted to be at the level of 1 event/ton/year/keV.

Neutrinoless double beta decay searches share challenges similar to direct dark matter detection, as
background suppression is also the primary challenge in this area. The planned ton-scale experiments aim
for background rates at or below 1 decay/ton/year in a ⇠10 keV region of interest around the endpoint of
the two-neutrino beta decay (2.5 MeV in 136Xe).

Five Priority Research Directions are identified where progress could be transformative for the perfor-
mance of noble element detectors. Table 15 maps these PRDs to the technical requirements.

4.2.2 PRD 4: Enhance and combine existing modalities to increase signal-to-noise and re-
construction fidelity
PRD 5: Develop new modalities for signal detection

Significantly enhancing the amount of signal collected by noble element detectors, in the form of charge,
light, heat, novel detection signals, and multi-modal combinations, as well as increasing the fidelity of the
signals collected, would greatly enhance the capability of the noble element detector technology. Lower
energy thresholds will improve the current level of performance achieved in existing experiments and allow
future experiments to achieve entirely new physics reach.

Thrust 1: Improve and enhance light collection

Increasing the light collected from noble element detectors will improve both their calorimetric and topo-
logical reconstruction capabilities (see TR 2.1, TR 2.4, TR 2.5). Two clear ways to accomplish this are: by
increasing the likelihood that any given photon will hit a light sensor, via large-area photocoverage or other
means like wavelength-shifting, and by improving the detection e�ciency of those sensors. We address the
former here, the latter is included in Section 4.3.
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Thrust 2: Improve and enhance charge collection

One key goal in the area of charge collection is to achieve unambiguous 3D charge imaging. Projective 2D
readout, as shown in Figure 24, can lead to ambiguities in event reconstruction, especially for complex event
topologies, and for events where the particle trajectory is parallel or perpendicular to readout channels. These
ambiguities lower event reconstruction e�ciencies and increase background contamination, two e↵ects that
negatively impact the physics reach of these detectors. The goal is to reach a detector readout granularity
that can achieve a per-channel signal-to-noise ratio better than 10 for energies above 100 keV in kton-scale
detectors.

Figure 24: Inside of the protoDUNE TPC. The wire planes,
o↵ering a projective readout, can be seen on the left of the
TPC [212].

A science-objective-driven priority for no-
ble element detectors is to lower the event
energy threshold (see TR 2.7, 2.9, 3.3, 3.6,
3.9, 3.12, 3.13, 3.15, 3.17, 3.19) and thus ex-
tend the physics reach of these detectors. For
neutrino experiments, the goal is to achieve
10 MeV deposited energy threshold with
microphysics-limited resolution. Neutrinoless
double beta decay and dark matter experi-
ments have a goal of single electron thresh-
olds (⇠10 eV) with internal backgrounds sub-
dominant to the coherent neutrino-nucleus
scattering floor [213]. Lowering thresholds in
liquid argon TPCs to the keV scale may require
direct amplification of the signals produced by
drifting electrons, similar to the gain achieved
in gaseous detectors. Alternatively, the explo-
ration of ultra-low noise charge collection de-
vices that do not require carrier amplification
should also be aggressively pursued. Another
interesting research avenue is the investigation
of the energy resolution enhancement of future

large LAr calorimeters at colliders that could be achievable by exploiting the combined readout of the anti-
correlated charge and light signals (see TR 1.3.3).

Thrust 3: Improve and enhance integration of charge and light collection

Traditionally, the detector elements used for charge detection and light detection are separate technologies in
neutrino oscillation experiments using noble elements. Integration of charge and light detection modes into
a single integrated detector element is an aspiration that would simplify large detectors, and enhance light
collection by increasing the percent-level light sensor coverage of current systems. Moreover, if such a device
could be made sensitive to the VUV scintillation directly, with reasonable quantum e�ciency (� O(20%))),
detectors could exploit: (i) the collection of fine-grained information for both charge and light, opening up
new possibilities to exploit previously undetectable associations from the production of the two signals; (ii)
enhanced imaging capability free from the additional timing uncertainty introduced via wavelength-shifter
re-emission, (iii) improved light collection via increased surface area coverage, which will improve energy
resolution, and (iv) simplification of the design of larger-scale detectors.

Thrust 4: Improve and enhance heat collection

The third major mechanism for energy deposition is heat, as shown in Figure 22. This channel has been
demonstrated in bubble chambers using superheated liquids, notably the PICO dark matter experiment [214],
that observe heat deposition above a threshold (see Figure 25). Measurement of heat energy in addition
to charge and light would allow for 100% reconstruction of the energy deposited by a particle in the target
medium, and would increase background discrimination capability.
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Figure 25: Two views of an example multiple bubble event
in the PICO-60 bubble chamber detector, caused by a neu-
tron interacting in the liquid [214].

For the future, noble liquid bubble cham-
bers hold the promise of extending the intrin-
sic background rejection to energy thresholds
as low as a few tens of eV [215]. Achieving this
threshold would open new parameter space to
search for dark matter below 1 GeV/c2 mass,
and high rate detection of MeV neutrinos at
reactors or other facilities via coherent interac-
tions. Bubble chambers are discussed in PRD
24 for their broad applicability both in sci-
ence goal and in medium/material. Combining
quantum photodetectors with noble element
technologies, superfluid helium detectors can
provide sensitivity to meV-scale excitations for
dark matter or other searches.

Thrust 5: Enhance and develop doping
and ion collection

Another promising direction for noble element
detectors is target mixtures or doping with
other elements. Such mixtures can improve
sensitivity by changing the characteristics of the detector response in a beneficial way, e.g., wavelength-
shifting and time-profile compression. In gaseous detectors, some quenching of the light production is
necessary for stable detector operation, and investigation of novel gas mixtures may provide an avenue for
improved signal collection along with stable operations. For liquid detectors, on the other hand, mixtures
can be exploited to extend the physics reach of the experiments by, e.g., adding new nuclei that provide dark
matter sensitivity down to lower masses. Again, the cross-cutting nature of this area of work motivates its
discussion in PRD 24.

A complimentary signal channel for noble element detectors is detecting ions, as opposed to electrons,
created by ionization energy deposition. Ions drift to the collection plane with di↵usion lower than electrons
by the mass ratio, thus signals from ions can o↵er more precise spatial imaging, down to the ion di↵usion limit.
Ions can potentially have much longer e↵ective lifetime during the drift because attachment cross sections are
less than those of electrons for a range of drift fields. For NLDBD, the detection of daughter ions, e.g., via
barium tagging, carries chemical information which provides orthogonal background discrimination. Ions,
which are less a↵ected by some microphysics such as di↵usion, may also carry complementary information,
useful for calibration. Negative ion drift also presents advantages for gaseous detectors – discussed in PRD
24.

Research Plan

High-priority research activities for the future include the following:

1. Increasing the light collected (most of which is emitted in the VUV range) over many tens to hundreds
of square meters and improving the light detection e�ciency of sensors, addressed in PRD 5, are crucial.
Another important area of research is to enable high-e�ciency wavelength-shifting techniques via novel
thin films, fluorescent and scintillating structural materials, and dissolved atoms and molecules (the
latter overlapping PRD 24 to some extent). In addition, the development of highly reflective surfaces
over large detector components promises to greatly improve light collection e�ciency.

2. Today, laboratory bench-top demonstrators exist for some promising technologies for unambiguous
3D charge imaging. On a five-year horizon, the aspiration is to demonstrate this capability at the
multi-square meter scale. This R&D entails the development of readout ASICs suitable for cryogenic
environments. Electron amplification in liquid is being investigated, but it has not yet been harnessed
in a stable, linear, and reproducible way. Challenges include the formation of bubbles, management of
heat load, and management of the additional ions created in the avalanche.
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Priority Research Direction
(PRD)

Technical Requirements (TR)

PRD 7: Extend wavelength range and
develop new single-photon counters to
enhance photodetector sensitivity

TR 1.3, TR 1.4, TR 2.3, TR 2.4, TR 2.5, TR 2.6, TR 2.7,
TR 2.8, TR 2.9, TR 2.10, TR 2.11, TR 3.3, TR 3.4, TR 3.5,
TR 3.6, TR 3.48, TR 3.49, TR 3.50, TR 3.51, TR 4.1,
TR 4.2, TR 4.5, TR 4.6, TR 5.10, TR 5.19

PRD 8: Advance high-density spec-
troscopy and polarimetry to extract all
photon properties

TR 4.1, TR 4.2

PRD 9: Adapt photodetectors for ex-
treme environments

TR 1.4, TR 2.3, TR 2.4, TR 2.5, TR 2.6, TR 2.7, TR 2.8,
TR 2.9, TR 2.10, TR 2.11, TR 3.1, TR 3.4, TR 5.2,
TR 5.10, TR 5.15

PRD 10: Design new devices and ar-
chitectures to enable picosecond timing
and event separation

TR 1.3, TR 1.4, TR 2.1, TR 2.3, TR 2.4, TR 2.5, TR 2.6,
TR 2.7, TR 4.3, TR 4.4, TR 5.1, TR 5.2, TR 5.7, TR 5.10

PRD 11: Develop new optical cou-
pling paradigms for enhanced or dy-
namic light collection

TR 1.3, TR 1.4, TR 2.1, TR 2.3, TR 2.4, TR 2.5, TR 2.6,
TR 2.7, TR 2.8, TR 2.9, TR 2.10, TR 2.11, TR 3.3, TR 3.4,
TR 3.5, TR 3.6, TR 3.47, TR 3.52, TR 5.2, TR 5.15

Table 16: The mapping of photodetector PRDs to physics TRs. Photodetectors are critical to advances
across high energy physics and beyond.

Thrust 1: Increased IR sensitivity

The sensitivity of current photodetectors with a reasonable active area drops precipitously in the IR. There
are many applications for detectors with increased IR sensitivity, from recovering light from aging scintillators
to separating Cherenkov and scintillation light in scintillator detectors (see TR 4.1, TR 4.2, TR 4.5 and
TR 4.6). However, the most significant and urgent need comes from cosmological measurements with galaxy
surveys.

The e↵ective band-gap of 1.1 eV limits silicon CCDs to galaxy redshifts of z < 1.6. At higher redshifts,
singly-ionized oxygen ([OII]), the primary spectroscopic feature used to determine redshift, is moved out of
the bandpass accessible by silicon and into the IR. Detectors with sensitivity at wavelengths longer than 1 µm
will allow us to extend galaxy surveys to higher redshifts where enormous, relatively unexplored volumes of
space remain.

While infrared InGaAs and HgCdTe CMOS detectors have been used in ground- and space-based observa-
tories, these detectors are expensive, require substantial cooling, and su↵er from low yield in the fabrication
process. Calibration of the pixelated amplifiers is a considerable challenge and an impediment to data qual-
ity for long-term surveys. Germanium (bandgap 0.7 eV) CCDs o↵er a potentially attractive alternative to
access longer wavelengths. Germanium CCDs, processed with the same tools used to build silicon imaging
devices, show promise for read noise and sensitivity comparable to that of silicon detectors and o↵er a high
quantum e�ciency to wavelengths as high as 1.4 µm when cooled to 77K. This increase in wavelength cov-
erage will allow a spectroscopic identification of [OII] emission lines to z = 2.6, a factor of two increase in
the observable volume of the Universe over what is accessible in the DESI galaxy set obtained with silicon
CCDs. The development of germanium CCDs overlaps with the work of PRDs 18, 19, and 20.

A more general program of R&D into other infrared technologies, including the study of new materials
with larger bandgaps, addressed below in Thrust 4, could also allow for extended surveys. Superconducting
devices, such as TESs, MKIDs, and SNSPDs, have demonstrated high-sensitivity detection, spanning X-ray
to infrared wavelength range. Both TESs and MKIDs have already been used in space-based and ground-
and atmosphere-based instruments, respectively [217].
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PRD 8: Advance high-density spec-
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photon properties
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PRD 10: Design new devices and ar-
chitectures to enable picosecond timing
and event separation

TR 1.3, TR 1.4, TR 2.1, TR 2.3, TR 2.4, TR 2.5, TR 2.6,
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Table 16: The mapping of photodetector PRDs to physics TRs. Photodetectors are critical to advances
across high energy physics and beyond.

Thrust 1: Increased IR sensitivity

The sensitivity of current photodetectors with a reasonable active area drops precipitously in the IR. There
are many applications for detectors with increased IR sensitivity, from recovering light from aging scintillators
to separating Cherenkov and scintillation light in scintillator detectors (see TR 4.1, TR 4.2, TR 4.5 and
TR 4.6). However, the most significant and urgent need comes from cosmological measurements with galaxy
surveys.

The e↵ective band-gap of 1.1 eV limits silicon CCDs to galaxy redshifts of z < 1.6. At higher redshifts,
singly-ionized oxygen ([OII]), the primary spectroscopic feature used to determine redshift, is moved out of
the bandpass accessible by silicon and into the IR. Detectors with sensitivity at wavelengths longer than 1 µm
will allow us to extend galaxy surveys to higher redshifts where enormous, relatively unexplored volumes of
space remain.

While infrared InGaAs and HgCdTe CMOS detectors have been used in ground- and space-based observa-
tories, these detectors are expensive, require substantial cooling, and su↵er from low yield in the fabrication
process. Calibration of the pixelated amplifiers is a considerable challenge and an impediment to data qual-
ity for long-term surveys. Germanium (bandgap 0.7 eV) CCDs o↵er a potentially attractive alternative to
access longer wavelengths. Germanium CCDs, processed with the same tools used to build silicon imaging
devices, show promise for read noise and sensitivity comparable to that of silicon detectors and o↵er a high
quantum e�ciency to wavelengths as high as 1.4 µm when cooled to 77K. This increase in wavelength cov-
erage will allow a spectroscopic identification of [OII] emission lines to z = 2.6, a factor of two increase in
the observable volume of the Universe over what is accessible in the DESI galaxy set obtained with silicon
CCDs. The development of germanium CCDs overlaps with the work of PRDs 18, 19, and 20.

A more general program of R&D into other infrared technologies, including the study of new materials
with larger bandgaps, addressed below in Thrust 4, could also allow for extended surveys. Superconducting
devices, such as TESs, MKIDs, and SNSPDs, have demonstrated high-sensitivity detection, spanning X-ray
to infrared wavelength range. Both TESs and MKIDs have already been used in space-based and ground-
and atmosphere-based instruments, respectively [217].
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Thrust 2: UV and VUV scintillation and Cherenkov photon detection

The detection of UV and VUV photons is critical for a number of applications within high energy physics.
Liquid noble elements, which will be used in future short- and long-baseline neutrino oscillation detectors,
dark matter experiments, calorimeters, and in searches for neutrinoless double-beta decay, scintillate in
the VUV, at the edge of current photosensor capabilities. Current-generation experiments rely on chemi-
cal wavelength-shifters to increase their photon detection e�ciency, which are di�cult to apply and have
questionable long-term stability. Photodetectors directly sensitive to VUV light with quantum e�ciencies
comparable to those achieved for optical photons would see wide-spread adoption in noble liquid detec-
tors (see TR 4.1). UV-sensitive, solar blind photodetectors also have applications in experiments detecting
Cherenkov light, including future gamma ray telescopes (see TR 3.48) and neutrino detectors, and crystal
calorimeters for high-rate experiments at the Intensity Frontier, where detection of the prompt-UV emission
would allow for fast timing and particle identification.

Thrust 3: Single photon detection

The e�cient detection of single photons is the basic feature from which all photodetector advancements
proceed. Recent advances in PMTs are mainly related to photocathodes for cryogenic operation, materials
selection for low background experiments, and hybrid devices that combine PMTs with solid state devices.
The most widely adopted alternative to PMTs is the SiPM therefore the reduction of its dark rate, increased
dynamic range and advances in timing would be interesting in themselves in addition to the goals listed in
other PRDs (see example application in TR 3.48, TR 3.49, TR 3.50, TR 3.51).

Like PMTs, MCPs are room temperature devices. The Large-Area Picosecond Photodetector (LAPPD) is
a promising MCP-based photodetector capable of achieving timing resolution on the order of ten picoseconds,
while covering large areas, 8 inch by 8 inch tiles, with sub-millimeter spatial resolution (see TR 2.1, TR 2.4,
TR 2.6, TR 2.7, TR 4.1, TR 4.3, TR 4.4, TR 5.1, TR 5.6, TR 5.7 and TR 5.11). The technology is particularly
interesting for neutrino detectors based on liquid scintillators or water, but could also be deployed in ring
imaging Cherenkov (RICH) detectors for studies of flavour physics, where large areas and operation in
magnetic fields are required. This technology is being commercialized by industry.

The ability to count single photons o↵ers the ultimate sensitivity for imaging and spectroscopic astro-
nomical instruments. This is required to achieve astronomical background limited sensitivity, including in
the sub-millimeter far-infrared wavelength range and at ultraviolet wavelengths. Skipper CCDs are Si-based
charge coupled devices with low readout noise and a stable linear gain that allows simultaneous charge mea-
surement at the single electron level in pixels with occupancy ranging from a single electron to thousands
of electrons[218]. Skipper CCDs can also achieve high quantum e�ciency between 0.87 and 1 µm, allowing
them to measure fainter galaxies at the same redshifts as current surveys. Advances in Skipper CCD develop-
ment o↵er synergies with dark matter searches, such as the SENSEI experiment[219, 220], and other similar
searches. Potential partnerships with NASA are also possible because low-noise, optical photo-detectors can
satisfy the need for faint exoplanet characterization with a space-based instrument.

Superconducting detectors are a relatively new technology that in specialized deployments can outper-
form other photon-counting technologies in a variety of performance metrics, such as detection e�ciency,
dark count rate, timing jitter, recovery time, and energy resolution. Semiconductor-based detectors are
fundamentally limited by the band gap of the semiconductor (1.1 eV for silicon) and thermal noise sources
from their relatively high (⇡ 100 K) operating temperatures. Superconducting detectors allow the use of su-
perconductors with gap parameters roughly 10,000 times lower than semiconductors. This di↵erence allows
a leap in broadband response capabilities. If the cryogenic requirements of superconducting detectors could
be relaxed, or if these requirements could be accommodated within a detector design, the resulting device
could be transformative (see TR 2.5, TR 2.7, TR 2.8, TR 2.10, TR 2.11, TR 3.3, TR 3.6, TR 4.1, TR 4.2,
TR 4.5 and TR 4.6).

Superconducting detectors include TESs [221], MKIDs [222], and SNSPDs [223]. Over the last decade,
both TES and MKID arrays have been developed for high-sensitivity detection of frequencies ranging from
the far-infrared to X-rays for a range of astronomical applications, especially the study of the CMB. SNSPD
devices have demonstrated single photon sensitivity from X-ray to mid-infrared[224]. A kilopixel array of
SNSPDs has recently been demonstrated with a mm

2 active area at 1.5µm [225] and with a clear path
identified for scaling to 100 cm2 area. By tuning the material and device parameters, the realization of the
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long-term goal of SNSPDs, namely sensitivity to single photons at 100 µm, can be achieved. This achieve-
ment will impact axion searches using a quantum haloscope and low-threshold direct dark matter detection
experiments. In terms of quantum e�ciency, both TES and SNSPD devices have demonstrated quantum
e�ciencies approaching 100% at 1.5 µm wavelengths with a clear path towards optimizing e�ciencies from
UV to mid-IR. SNSPDs also have excellent timing resolution and very low,⇠ 10�4 Hz/mm2, dark count
rates [226].

Thrust 4: Advanced materials for photodetectors

The development of new materials for photodetectors is critical for enabling advances in their performance.
This work includes the development of new photocathode materials, high temperature superconductors, and
large band-gap materials. The design of solid state devices that build on the success of SiPMs, but allow
for increased wavelength sensitivity by utilizing new materials, is an active area of research. These materials
include but are not limited to Silicon Carbide (SiC) and variations of Gallium Nitride (GaN, InGaN, and
AlGaN). Such devices have lower thermally excited dark count rates and are more tolerant to radiation
damage. Similar improvements in wavelength sensitivity can be achieved by pursuing novel photocathode
materials such as GaAs at longer wavelengths and CsTe at shorter wavelengths.

Moving to more novel approaches, Dirac materials and nanocrystals o↵er a fine tuning of the bandgap
that could revolutionize the design of photodetectors. Similar to CCDs, Dirac materials are also interesting
to dark matter direct detection experiments[227]. For superconductiong devices, the recent discovery that
bilayer graphene is a superconductor could produce new and interesting devices for the field.

Research Plan

To address Thrust 1, an investment in germanium CCDs is logical and o↵ers synergies with Light Source
Applications and NASA X-ray observatories due to the sensitivity at X-ray energies as high as 100 keV. The
requirement for ultrapure germanium wafers o↵ers a synergy with nuclear physics, where germanium is used
in neutrinoless double-beta decay experiments based on scintillating bolometers as secondary light collecting
bolometers[228].

Fabrication of germanium CCDs faces several challenges that need to be addressed before these devices
can be integrated onto large focal planes. Several processes in doping, etching, and film deposition are similar
to those in silicon CCD fabrication but need to be tested with the new vendor’s capabilities. However, GeO2

water solubility and low-temperature limitations result in the need for changes in gate insulator and electrode
technologies. In addition, there is only one wafer vendor for germanium and further investigation is required
to ensure that purity requirements can be met for production at scale on large wafers. Finally, germanium
has higher density than silicon and requires a full assessment of handling and packaging techniques. At
present there are no foundries specializing in germanium devices. Based on these challenges, a program
exploring alternative technologies is warranted.

To address Thrust 2, there are a number of promising avenues to extend photosensor sensitivity to shorter
wavelengths and increase their detection e�ciency, including novel device architectures, sensor coatings, UV-
sensitive photocathodes, such as CsI or CsTe, and doping configurations. Alternative wavelength shifting
materials and methods for deploying them in large detectors should also be explored.

Superconducting devices can also be optimized to operate with high-sensitivity, fast timing and high
detection e�ciency at shorter wavelengths. In a recent experiment, SNSPDs have been integrated with a
9Be+ ion trap demonstrating high e�ciency and low background noise at 315 nm wavelength [229].

Beyond these specific goals of increased wavelength sensitivity encapsulated in Thrust 1 and 2, new
technologies and new materials for existing technologies will lead to breakthroughs in the performance of
photodetectors. Therefore, investment in new and possibly more speculative technologies and materials of
Thrust 3 and 4 is needed for the future of high energy physics and more generally any imaging application.
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in PRD 26); in some applications they are inaccessible for a very long time or need to have low intrinsic
radiological background.

Thrust 1: Cryogenic operation at noble liquid temperatures

Large noble liquid detectors planned for future neutrino and dark matter experiments will use photodetectors
directly immersed in cryogenic liquids, such as xenon, argon, and neon, that must be robust to multi-year
operation at cryogenic temperatures. Additionally, the large instrumented surface of these detectors and the
need to detect single photons necessitates the use of co-located, low-power, cold electronics to minimize the
number of cryostat penetrations and improve the signal to noise ratio of the sensors. Addressing this challenge
will require the development of novel sensor materials, including low-temperature photocathodes, new sensor
architectures, integrated electronics capable of cryogenic operation, and fabrication processes and detector
packaging techniques robust to the mechanical stress induced when cooling to cryogenic temperatures (see
TR 2.1, TR 3.1, TR 3.3, TR 3.4, TR 3.5 and TR 3.6). These innovations will require cryogenic test facilities
where the long-term performance of these materials, devices and electronics can be characterized.

Thrust 2: Low-radiological-background sensors and detector packages

Photodetectors, photosensor front-end electronics, and sensor packaging are integral components of many
low-background experiments for studying neutrinos and dark matter. This Thrust is highly related to PRD
25 and all advancements made in that program will help this e↵ort (see TR 2.3).

Thrust 3: High-durability and radiation hard sensors

The application of SiPMs in harsh radiation environments is currently being pioneered by upgrades of the
CMS detector for the high-luminosity phase of the LHC. Two projects, the barrel timing layer [239] based on
LYSO crystals and the scintillator tile-based hadronic section of the endcap calorimeter [240], will use several
hundred thousand SiPMs and expose them to neutron fluences up to 1014 neq/cm2. Radiation-induced noise
hampers signal discrimination and ultimately also degrades the photon detection e�ciency (see TR 1.3,
TR 1.4, TR 4.6, TR 5.2 and TR 5.10).

To meet the challenges of future hadron colliders, like the FCC-hh (see Section 3.1), with one to two
orders of magnitude higher neutron exposure, significant advances in the radiation tolerance of SiPMs [241]
are needed, a requirement that is driven exclusively by particle physics. The internal structure of the
semiconductor sensor could be optimised to achieve smoothly varying electrical fields that minimize trap-
assisted tunneling e↵ects. Additional improvements could be made by developing low-power devices (low
bias and gain), which reduces self-heating e↵ects, with fast recovery times, which keeps the occupancy
small, and are therefore more resistant to radiation damage. Advances will become possible through the
ever-increasing precision in semiconductor manufacturing, but dedicated co-developments by academic and
industrial partners are required, including the development of robust packaging techniques, such as radiation-
hard optical coatings and e�cient means of detector cooling.

Hybrid or monolithic integration of the sensor with a read-out ASIC coupled to each individual pixel
opens additional capabilities. Damaged pixels with elevated dark rate can be disabled and fast transistor
switches, replacing the quenching resistor, allow for active gating of the sensor with the collider time structure
reducing noise pile-up.

A particularly di�cult challenge is the detection of single photons with radiation damaged sensors, since
the increased dark rate counts cannot be separated from single-photon signals by applying a discriminating
threshold. Mitigating technologies should be explored, including on-device cooling, annealing at elevated
temperatures, Si-structure optimization, and exploration of alternative materials with a higher band-gap
(e.g., GaInP).

Degradation e↵ects are also observed in MCP PMTs, including LAPPDs. Following illumination over
extended periods of time, the photocathode degrades due to bombardment by ionized rest-gas ions. Coating
the microchannel plates with a secondary emission material by atomic layer deposition (ALD) prolongs the
lifetime of the tube, typically to about 10 C/cm2 accumulated charge on the anode. Further research is
needed to go considerably beyond this limit in high rate experiments like Mu2e and Belle II.
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4.3.7 PRD 11: Develop new optical coupling paradigms for enhanced or dynamic light col-
lection

Enhanced and dynamic light collection of multi-channel devices is essential for an improved signal-to-noise
operation in low-light-level detection with SiPMs and for a fast reconfiguration in the telescope focal plane.
For the High-Luminosity LHC, R&D of optical fibers for scintillation-fibre based tracking systems is needed
to achieve a higher light yield.

Thrust 1: Novel light propagation and collection systems

Often a photodetector must be coupled to the detecting medium. Light guides and optical fibers are mature
technologies, however there is the possibility to make interesting new systems by making use of anti-reflective
films or moving from non-imaging to imaging collection schemes. For instance, SiPMs are an attractive
choice for RICH detectors with one exception, dark counts (see TR 5.2). With a dark count rate of a few 100
kHz/mm2, spurious signals cannot be distinguished from single photon pulses. One way to improve the signal-
to-noise ratio is to develop dedicated light collectors, either as quartz Winston cone like arrays [243, 244], or
by developing suitably designed meta-materials [245]. In this way, photons would propagate from a larger
entry window to a considerably smaller sensor, resulting in an improved signal photon to dark count ratio.
Another interesting idea uses light concentrators constructed from di-chroic reflectors to sort photons by
wavelength to aid Cherenkov-scintillation separation and ultimately direction reconstruction in kiloton-scale
neutrino detectors [246]. Increasing the scale of the system substantially, ground based searches for dark
matter annihilation, require large fields of view with high light collection e�ciency (see TR 3.47 and TR 3.52),
which could lead to novel systems of light collection.

Thrust 2: Dynamic physical reconfiguration of multi-channel devices
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the fiber moves on an arc, excessively large tilt angles can lead to light loss and PSF calibration errors. The
4MOST instrument will have 2436 such fiber positioners with a 9.5 mm pitch.
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e.g. for a second upgrade of the tracker envisaged for the High-Luminosity LHC (see section 3.1), not only
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4.8.3 PRD 25: Advance material purification and assay methods to increase sensitivity

Experiments that search for particle dark matter and neutrinoless double-beta decay can be limited in
sensitivity by radiological backgrounds, i.e. adding more detector mass or running the experiments longer
can reach a point of diminishing returns. As these experiments scale up to reach greater sensitivity, they also
must significantly reduce radiological backgrounds. External backgrounds are controlled through shielding.
For instance, the most sensitive systems are installed deep underground (4000+ feet) to shield them from
cosmic rays and suppress cosmogenic activation of detector materials. External backgrounds also come from
the surrounding rock that emits both gamma rays and neutrons from naturally occurring radioactivity,
primarily originating from 238U, 232Th, and 40K in the rock. Low radioactivity shielding, typically lead and
copper for gamma rays and polyethylene and water for neutrons, can be used to mitigate these external
backgrounds. A particularly pernicious background for such experiments is radon, a radioactive gaseous
daughter product of 238U, 232Th decay, which can migrate in the environment and plate out on surfaces of
detectors or become entrained in liquid detector media. Radon emanation is greater at these underground
sites.

In addition to radioactive contaminants that can limit detector sensitivity, other impurities can also limit
performance. Impurities can limit charge carrier lifetimes and photon attenuation lengths in gaseous and
liquid detectors while isotopic impurities can add degrees of freedom that spoil quantum system performance.
In the case of neutrinoless double-beta decay, only specific isotopes can decay through this process and
enrichment of targets in the relevant isotope, e.g. 76Ge or 136Xe, is used to increase the mass of the relevant
isotope without increasing the total target mass required (see also PRD 24).

As experiments continue to grow in physical size and in sensitivity, and with them the channel count and
mass, so do the challenges related to material purity and requirements for screening, background reduction,
and purification systems.

Thrust 1: Radiologically pure materials

Radiological purity includes control of naturally occurring 238U, 232Th, and 40K which are present in nearly
all materials at some level as well as other naturally occurring and anthropogenic radioisotopes. The timely
procurement and clean storage of large quantities of pure materials is an emerging need of future exper-
iments. Historically important materials for the community have included low radioactivity lead, low ra-
dioactivity commercial copper, and ultra-low-background electroformed copper, low radioactivity polymers
such as polyethylene for neutron shielding, Teflon used for light reflectors and PCTFE used for electrical
insulation; photomultiplier tubes and vessels for bubble chambers fabricated with low radioactivity fused
silica; low background cables; and carefully screened electronics components. In many cases, these materials
are identified by screening commercially available products to identify suitable sources, but in other cases
dedicated manufacturing is required to control backgrounds in the source materials.

Cosmogenic activation is a significant concern for both targets and surrounding detector materials. In
many cases there is inherent purification of the radioactive contaminants during processing, whether that
is electrorefinement in the case of copper or crystal growth in the case of silicon and germanium, and it
is important to manage surface exposure from this manufacturing step onward. For targets pursuing low-
energy phenomena, underground target storage will eventually be required to control the production of
cosmogenically-produced tritium and, for argon, long-lived radioactive 37,39,42Ar isotopes. Cosmogenically-
produced 60Co in copper has driven electroformed copper production and storage underground for the past
decade.

Target materials of high radiopurity are central to any low background experiment. These include noble
elements (e.g. Xe, Ar, He) as gasses, liquids, or solids, semiconductors (e.g. Si, Ge), scintillators (e.g. NaI,
CsI), bolometer materials (e.g. Si, Ge, TeO2), and bubble chamber fluids (e.g. Freon, noble liquids). For
many of these materials there is inherent purification in the production process that has made them suitable
target candidates, including processes such as cryogenic distillation, zone refinement, and crystal growth.
Some unique low background materials are sourced from materials that have been shielded from cosmic rays
for many decades allowing the radioactive isotopes produced by cosmogenic activation to decay away, e.g.
lead from the keels of sunken Roman ships and low radioactivity argon gas sourced from deep underground
gas wells.
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Sourcing and clean and/or underground storage of radiopure materials will continue to be a hallmark
need for particle-like dark matter and neutrinoless double-beta decay searches.

Thrust 2: Enhanced capability for measurement and control of surface backgrounds

Surface backgrounds originate from deposition of radioactive particulates (dust) and plate-out of radon
daughters. Advances in cleaning techniques are needed for surface background reduction of various detector
components, both metals and plastics. For smaller components and systems, these techniques can be per-
formed in highly controlled environments such as glove boxes or clean rooms with radon-reduced air. But
as detectors scale up to kiloton class it is no longer feasible to require all handling to be done in tightly
controlled environments and in-situ surface cleaning techniques are required.

More sensitive measurement techniques are needed to assay for radon and radon daughters. These
include large area surface alpha (and beta) screening, assay of daughters such as 210Pb, and radon emanation
measurements.

Thrust 3: Purification and storage of noble liquids

Noble liquids are an attractive detector medium for scaling both neutrino and dark matter detectors to
kiloton scale. Noble liquid detectors employ recirculating purification systems that can continuously remove
radioactive and chemical impurities, including electronegative impurities. Scaling up to the next generation
of dark matter (DARWIN, GADMC) and neutrino (DUNE) experiments will require sourcing and storage
of high purity noble liquids and the development of industrial-scale cryogenic and purification systems,
including cryogenics purification (N2, O2, H2O removal, etc.) and removal of noble backgrounds (Kr, Rn,
39Ar).

Understanding and characterizing the impacts of impurities on ultimate detector performance through
experimental and computational techniques will be essential to realizing the science goals of future noble
liquid detectors.

Thrust 4: Isotopic enrichment or rejection

Isotopic separation is used to produce enriched sources for neutrinoless double-beta decay, including 76Ge,
100Mo, 116Cd, 130Te and 136Xe. The principle enrichment techniques used have been electromagnetic or
centrifuge separations. Most, if not all, recent experiments have sourced enriched material from Russia.

Isotope separations can also be used to reduce the amount of unwanted isotope, for example the radioac-
tive isotope 32Si, in silicon for dark matter detectors or 29Si in silicon for quantum devices.

Production strategy and supply of enriched/depleted isotopes for the U.S. is overseen by the Isotopes
Program in the DOE O�ce of Science. There is an active program to re-establish domestic isotope production
through electromagnetic and centrifuge separators targeting stable isotope production at ORNL (in this
context neutrinoless double-beta decay isotopes are considered stable). There are also emerging technologies
such as microchannel distillation under study for isotope separation. The HEP community could benefit
greatly from initiatives that lead to reduced cost.

Research Plan

1. Developing new solutions for screening and procurement of low-background detector materials, includ-
ing electronics components such as cables, and understanding how those backgrounds generate signals
in sensitive detectors.

2. Developing strategies for storage and transportation of large quantities of noble liquids with minimal
exposure to cosmogenic activation.

3. Developing strategies to further reduce surface backgrounds and for commensurate assay sensitivity.

4. Developing methods for scale-up of purification solutions for the removal of both electronegative species
and radioactive contaminants, including radioactive noble elements.

5. Leveraging developments in isotope separation solutions being pursued by other disciplines.
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4.8 Cross-Cutting Priority Research Directions

4.8.1 Introduction

Cutting across many of the specific technologies discussed above are a set of Priority Research Directions
that encapsulate needs in a multitude of areas. Recognition of the cross-cutting nature of these needs may
spur collaboration between di↵erent technology groups to pursue them and may motivate funding agencies
to identify new ways to sponsor work on these broad needs. Given the cross-cutting nature of these Priority
Research Directions, no explicit association with individual Technical Requirements has been made. It is
understood that these PRDs support the totality of the program.

4.8.2 PRD 24: Manipulate detector media to enhance physics reach

The development of new materials and media has always been a key component of HEP detector R&D,
yielding, for example, a zoo of scintillating crystals, plastics, and liquids. This work has required a deep
coupling to allied fields such as materials science, condensed-matter physics, and chemistry. Such new
materials and media can have impact across a wide range of technologies and fields. This topic is therefore
identified as a cross-cutting PRD. Below are a number of Thrusts, many of which are also themselves cross-
cutting:

Thrust 1: Doping or enrichment to enhance interaction rate

For detectors in which the detection medium also acts as the source of, or target for, the particles to be
detected, doping/mixtures or enrichment can be used to extend the physics reach of the experiments by,
respectively, the introduction of the element or enhancement of the abundance of the particular isotope that
provides the physics reach. Examples include the addition of hydrogen or deuterium to liquid xenon detectors
to provide additional sensitivity to both spin-dependent and spin-independent dark matter interactions at for
masses below 1 GeV (PRDs 4, 5), the dissolution of quantum dots with isotopes interesting for neutrinoless
double beta decay (e.g., 116Cd) in liquid scintillators, and isotopic enrichment of germanium, xenon, and
other materials for both neutrinoless double beta decay and spin-dependent dark matter scattering. Isotopic
enrichment is discussed in more detail in the context of separation of undesirable isotopes in PRD 25.

Doping/mixing can present new R&D challenges beyond the development of the dopant/mixture itself:
stability of the doping or mixture, characterizing the proportions, modifications to detector operation, etc.
Isotopic enrichment can require R&D to demonstrate enrichment of new isotopes or enhance enrichment
e�ciency and/or reduce cost.

Thrust 2: Doping and new materials for enhanced or more radiation-hard light or charge
production

Doping, or embedding, can be used in a variety of ways to enhance light production in materials that
scintillate in pure form, and new materials are constantly being explored. Examples of the former include
the doping of LYSO with cerium and of garnet with cerium or praseodymium to enhance radiation tolerance
(e↵ectively preventing a degradation of light production; PRD 2), the doping of water and liquid scintillators
with specific elements, or with quantum dots containing specific elements, to provide or enhance neutron
capture cross-section and thus light production for neutrino detectors using inverse beta decay, the doping of
gallium arsenide to achieve enormous IR scintillation yields, and the doping of wide band-gap semiconductor-
based inorganic scintillators with nano-crystals (another name for quantum dots) for ultra-fast scintillation
(noted in the context of PRD 3; see also PRD 2). Examples of the latter include the perovskite ceramics as
scintillators (PRD 2) as well as diamond and other wide band-gap materials for ionization-based tracking
(PRD 19). R&D challenges include, besides identification of potential dopant-material combinations and
new materials, the same operational considerations as for Thrust 1.
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Thrust 3: Doping for enhanced light or charge collection

Mixtures, or doping, can improve sensitivity by changing the characteristics of the detector response in a
beneficial way. Liquid argon scintillation light with 1 µs-scale emission at 128 nm can be shifted to 10 ns scale
and 178 nm by xenon doping, enhancing timing information while also making the light easier to collect
(PRDs 4, 5). Quantum dots can absorb a broad spectrum above a cuto↵ and reemit at a characteristic
wavelength, making it possible to tune the reemission to the peak e�ciency of photodetectors and also
enhance separation of scintillation and Cherenkov light. Gaseous time projection chambers for directional
dark matter searches have been doped with CS2 to implement negative ion rather than electron drift, which
can reduce di↵usion and also slow down the arrival of the track information at the readout, thus improving
charge collection and track reconstruction. Such negative ion doping may be beneficial for noble liquid
detectors for the same reasons.

Thrust 4: Doping to improve event localization

The same techniques noted above can also improve event localization by increasing signal-to-noise for position
reconstruction via enhanced light production, faster generation of light from particles produced in interactions
before they can move significantly away from the creation site, or reduced di↵usion of ionization tracks.

Thrust 5: Metastable systems; see also PRDs 4, 5

It is conventional to consider the target or detector medium as “passive” in the sense that its properties
are only weakly dependent on operating conditions and evolve slowly over time: i.e., drifts to be taken out
by calibration. But there is growing interest in “active” media, in the sense that quantities like physical
parameters can be tuned to adjust performance parameters like threshold and background rejection.

This strategy has been demonstrated in bubble chambers using superheated liquids, notably the PICO
dark matter experiment [214] and its predecessors. Bubble chambers provide intrinsic, noise-less amplification
of small heat signals, as once the bubble exceeds a certain critical size determined by thermodynamic
conditions, it grows to macroscopic size. Various fluids have been explored to date, providing varying
thresholds and sensitivities, and there are certainly more materials to be studied. Bubble chambers using
noble liquids hold the promise of extending the intrinsic background rejection of such devices to energy
thresholds as low as a few tens of eV [215] because electronic excitation is e�ciently radiated away from
an interaction site by charge and light while nuclear interactions deposit most of their energy as heat.
Hydrogenated liquids and liquid nitrogen are also interesting targets for this approach because of their
greater sensitivity to spin-dependent interactions (higher abundance of unpaired spin isotopes).

Research Plan

Given the large range of possibilities, the vast majority of the Thrusts above begin with small-scale experi-
mentation, and they can benefit from highly multidisciplinary environments such as is present in universities
and the multi-purpose national labs. It is important to recognize that a diversity of approaches is beneficial
given the wide range of parameter space to explore, and thus these small-scale investigations should be
given appropriate support. This support can be incredibly cost-e↵ective given the possible long-term physics
impact of these individual R&D e↵orts.

Facilities and Capabilities

Hand-in-hand with support for small-scale experimentation on ideas in the vein of this PRD, support is
also needed for the small-scale testing infrastructure, at universities and national labs, for the necessary
measurements. Once an investigator determines how to make a measurement of a particular property of a
detection medium and develops the test infrastructure, it would be cost-e↵ective for that infrastructure to be
used for multiple developments. There may be multidisciplinary e↵orts the O�ce of Science can encourage
between its various subprograms to enhance this R&D e↵ort.
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charge collection and track reconstruction. Such negative ion doping may be beneficial for noble liquid
detectors for the same reasons.

Thrust 4: Doping to improve event localization

The same techniques noted above can also improve event localization by increasing signal-to-noise for position
reconstruction via enhanced light production, faster generation of light from particles produced in interactions
before they can move significantly away from the creation site, or reduced di↵usion of ionization tracks.

Thrust 5: Metastable systems; see also PRDs 4, 5

It is conventional to consider the target or detector medium as “passive” in the sense that its properties
are only weakly dependent on operating conditions and evolve slowly over time: i.e., drifts to be taken out
by calibration. But there is growing interest in “active” media, in the sense that quantities like physical
parameters can be tuned to adjust performance parameters like threshold and background rejection.

This strategy has been demonstrated in bubble chambers using superheated liquids, notably the PICO
dark matter experiment [214] and its predecessors. Bubble chambers provide intrinsic, noise-less amplification
of small heat signals, as once the bubble exceeds a certain critical size determined by thermodynamic
conditions, it grows to macroscopic size. Various fluids have been explored to date, providing varying
thresholds and sensitivities, and there are certainly more materials to be studied. Bubble chambers using
noble liquids hold the promise of extending the intrinsic background rejection of such devices to energy
thresholds as low as a few tens of eV [215] because electronic excitation is e�ciently radiated away from
an interaction site by charge and light while nuclear interactions deposit most of their energy as heat.
Hydrogenated liquids and liquid nitrogen are also interesting targets for this approach because of their
greater sensitivity to spin-dependent interactions (higher abundance of unpaired spin isotopes).

Research Plan

Given the large range of possibilities, the vast majority of the Thrusts above begin with small-scale experi-
mentation, and they can benefit from highly multidisciplinary environments such as is present in universities
and the multi-purpose national labs. It is important to recognize that a diversity of approaches is beneficial
given the wide range of parameter space to explore, and thus these small-scale investigations should be
given appropriate support. This support can be incredibly cost-e↵ective given the possible long-term physics
impact of these individual R&D e↵orts.

Facilities and Capabilities

Hand-in-hand with support for small-scale experimentation on ideas in the vein of this PRD, support is
also needed for the small-scale testing infrastructure, at universities and national labs, for the necessary
measurements. Once an investigator determines how to make a measurement of a particular property of a
detection medium and develops the test infrastructure, it would be cost-e↵ective for that infrastructure to be
used for multiple developments. There may be multidisciplinary e↵orts the O�ce of Science can encourage
between its various subprograms to enhance this R&D e↵ort.
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4.8 Cross-Cutting Priority Research Directions

4.8.1 Introduction

Cutting across many of the specific technologies discussed above are a set of Priority Research Directions
that encapsulate needs in a multitude of areas. Recognition of the cross-cutting nature of these needs may
spur collaboration between di↵erent technology groups to pursue them and may motivate funding agencies
to identify new ways to sponsor work on these broad needs. Given the cross-cutting nature of these Priority
Research Directions, no explicit association with individual Technical Requirements has been made. It is
understood that these PRDs support the totality of the program.

4.8.2 PRD 24: Manipulate detector media to enhance physics reach

The development of new materials and media has always been a key component of HEP detector R&D,
yielding, for example, a zoo of scintillating crystals, plastics, and liquids. This work has required a deep
coupling to allied fields such as materials science, condensed-matter physics, and chemistry. Such new
materials and media can have impact across a wide range of technologies and fields. This topic is therefore
identified as a cross-cutting PRD. Below are a number of Thrusts, many of which are also themselves cross-
cutting:

Thrust 1: Doping or enrichment to enhance interaction rate

For detectors in which the detection medium also acts as the source of, or target for, the particles to be
detected, doping/mixtures or enrichment can be used to extend the physics reach of the experiments by,
respectively, the introduction of the element or enhancement of the abundance of the particular isotope that
provides the physics reach. Examples include the addition of hydrogen or deuterium to liquid xenon detectors
to provide additional sensitivity to both spin-dependent and spin-independent dark matter interactions at for
masses below 1 GeV (PRDs 4, 5), the dissolution of quantum dots with isotopes interesting for neutrinoless
double beta decay (e.g., 116Cd) in liquid scintillators, and isotopic enrichment of germanium, xenon, and
other materials for both neutrinoless double beta decay and spin-dependent dark matter scattering. Isotopic
enrichment is discussed in more detail in the context of separation of undesirable isotopes in PRD 25.

Doping/mixing can present new R&D challenges beyond the development of the dopant/mixture itself:
stability of the doping or mixture, characterizing the proportions, modifications to detector operation, etc.
Isotopic enrichment can require R&D to demonstrate enrichment of new isotopes or enhance enrichment
e�ciency and/or reduce cost.

Thrust 2: Doping and new materials for enhanced or more radiation-hard light or charge
production

Doping, or embedding, can be used in a variety of ways to enhance light production in materials that
scintillate in pure form, and new materials are constantly being explored. Examples of the former include
the doping of LYSO with cerium and of garnet with cerium or praseodymium to enhance radiation tolerance
(e↵ectively preventing a degradation of light production; PRD 2), the doping of water and liquid scintillators
with specific elements, or with quantum dots containing specific elements, to provide or enhance neutron
capture cross-section and thus light production for neutrino detectors using inverse beta decay, the doping of
gallium arsenide to achieve enormous IR scintillation yields, and the doping of wide band-gap semiconductor-
based inorganic scintillators with nano-crystals (another name for quantum dots) for ultra-fast scintillation
(noted in the context of PRD 3; see also PRD 2). Examples of the latter include the perovskite ceramics as
scintillators (PRD 2) as well as diamond and other wide band-gap materials for ionization-based tracking
(PRD 19). R&D challenges include, besides identification of potential dopant-material combinations and
new materials, the same operational considerations as for Thrust 1.
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