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Developments in quantum technologies in the last decades have led to a wide range of applications, but have also resulted in numerous novel approaches to explore the low energy particle physics parameter space. The potential for applications of quantum technologies to high energy particle physics endeavors has however not yet been investigated to the same extent. In this paper, we propose a number of areas where specific approaches built on quantum systems such as low-dimensional systems (quantum dots, 2D atomic layers) or manipulations of ensembles of quantum systems (single atom or polyatomic systems in detectors or on detector surfaces) might lead to improved high energy particle physics detectors, specifically in the areas of calorimetry, tracking or timing.
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1 INTRODUCTION
The development of a wide range of highly sensitive technologies based on the manipulations of small numbers of atoms or on quantum effects that arise at ultra-low temperatures has led to the rapid proliferation of a very wide range of quantum devices, many of which are now beginning to see commercial applications. At the same time, the extraordinary sensitivity of these devices, which rely on discrete state changes from one quantum state to another, makes them ideal detectors for probing very weak interactions between putative ultra-light particles or fields and the quantum devices themselves. This has led to their wide uptake in the field of low energy particle physics and the rapid exploration in recent years of the low energy phase space associated with e.g., axions, ALP’s, and many other dark matter candidates (numerous reviews, among them [1–4], have covered these applications).
This same sensitivity would appear to make these devices unsuitable for high energy physics applications, whose detection mechanisms mostly rely on detecting and reconstructing individual particles’ properties through the quasi-continuous effects of their interactions with matter, integrating the charge deposited by the continuous process of multiple ionizations of the atoms of the bulk of a detector by the interacting particle. Forming a usable signal that can be differentiated from thermal and statistical fluctuations requires large numbers of such ionization processes to have taken place. Furthermore, existing detector families are already very well suited to high resolution tracking, calorimetry or particle identification.
In this paper, we discuss a small number of quantum devices or systems in which quantum effects play a major role in view of applying them to the areas of particle tracking, particle identification or calorimetry. We particularly focus on applications that potentially could result in information that is currently difficult to obtain, or where some of the existing technologies’ boundary conditions or limitations might be alleviated or circumvented. These are tied to the need for ever better time resolution to deal with increasing pile-up in high energy collider experiments; to the desire to minimize the material budget of detectors so as to minimize multiple scattering, in particular for vertexing; to the interest in determining electromagnetic shower profiles for better particle identification and energy measurement; to the desire to improve on the existing techniques to avoid detector backgrounds or widen the range of employable materials; or to the potential of providing additional information to particle trajectories that would aid in identifying e.g., particle helicities.
The structure of this paper is built around a handful of selected quantum systems, exploring the potential impact of each of these in different areas of high energy particle detection and reconstruction; in most cases, the proposed detection systems will be hybrids of established technologies and of elements whose quantum nature potentially enhances the functionality of the former. The paper does not claim to be exhaustive, but instead compiles a few of what we consider to be some of the more promising near-term applications, and which are highlighted for each of the investigated families of quantum devices in dedicated sections: low-dimensional materials, nano-engineered semiconducting devices, implementation of polarizable support structures, or manipulation of individual atoms in large volume detectors. Given the rather speculative and often very preliminary nature of the detection schemes described below, it has to be emphasized that significant research and development efforts will be required in validating the concepts proposed here for a range of high energy particle detection approaches and in establishing their viability and usefulness.
2 LOW-DIMENSIONAL MATERIALS
Low dimensional materials (nanodots, atomically thin monolayers) offer a wide degree of tunability of their parameters, be it through their elemental composition and crystal stucture in the case of 2-D layers, or their composition and geometric size in the case of nanodots. Their properties range from photon emission to modification of surface properties (when used as coatings) to mechanical barriers (differential transmission of electrons and ions).
2.1 Low Dimensional Materials for Scintillating Detectors
Scintillator-based detection systems are in wide use since many years and in many applications ranging from nuclear and particle physics experiments to medical imaging and security. Their physical properties like density, light yield, linearity of the detector response and operational speed, but also their resistance to harsh radiation load, their insensitivity to small changes in operational parameters and the widely available production capabilities make them one of the most popular devices for the detection and the energy measurement of charged and neutral particles interacting with material structures. The need for the above-mentioned ever better timing resolution in particle physics experiments places, however, increasingly stringent requirements on the time measurement performance of scintillator-based detection systems. The timing performance of future particle detector experiments is key to cope with the need to disentangle bunches of colliding particles with ever smaller temporal separation.
2.1.1 Nanomaterial Scintillators
Conventional commonly used scintillators produce an amount of light proportional to the energy deposited by charged or neutral particles. The energy transfer from initial ionisation in the bulk material to the luminescence centers is complex and leads to an intrinsic time-resolution limit in photoproduction due to the stochastic relaxation processes of the hot electron-hole pairs produced by the impact of radiation on the crystal material. This generates irreducible time jitter and limits the time resolution. To go below this intrinsic limitation, which is a characteristic property of conventional scintillation materials, various ways of exploiting faster photon production mechanisms have been investigated [5–12] among which the development of semiconductor nanomaterials represents a promising route towards fast timing; these have thus been extensively studied over the last years see [13–17].
While conventional semiconductor bulk material is characterized by continuous conduction and valence bands, the reduction of the size of a crystal down to a so-called nanocrystal of typically 1–10 nm size, close or below the Bohr radius, results in the energy levels of both conduction and valence band becoming discrete and quantized due to quantum confinement. The variation of the energy gap as a function of the size of nanomaterials and of the density of states as a function of the degree of confinement both offer the possibility of tuning their opto-electronic properties, such as for instance the emission wavelength, which can be varied from red to blue by decreasing the size of a nanocrystal (see Figure 1 left) [18, 19]. Depending on the number of dimensions of the confinement, nanocrystals are classified as quantum wells or ultrathin films (one dimension of confinement resulting in a two-dimensional (2D) object), quantum wires (two dimensional confinement resulting in a remaining one dimensional (1D) object) and quantum dots (confinement in all three directions resulting in a zero dimensional (0D) object [20]. The available energy levels in such objects are discretized as a function of the object dimensionality (0D, 1D, 2D) and their size and shape [20–22].
[image: Figure 1]FIGURE 1 | Left: Emission spectrum as a function of nanocrystal size (from [22]). Right: decay time spectra of ZnO(Ga) under irradiation by X-rays (from [15]).
In direct-band-gap-engineered semiconductor nanostructures, one effect of quantum confinement consists of a significant enhancement of Coulomb interactions between charge carriers of electron-hole pairs, coherent and multi-exciton states [19, 23, 24]. This plays a significant role in enhancing the transition dipole moment of absorption and emission and can thus increase the rate of fast radiative transitions resulting in scintillation decay times below 1 ns.
The timing resolution of scintillators is to first order proportional to the square root of the photon density (number of produced photons per time interval), which can itself be expressed as the ratio of the emission decay time and the light yield of the scintillator. Therefore, to minimise timing resolution, scintillator development aims at achieving a maximum light yield with the shortest possible decay times. Future scintillator based timing layers or time-of-flight detectors aim at achieving a timing resolution below 30 ps in order to be suitable for pileup rejection at high luminosity colliders and for particle identification, and be competitive with e.g., SPAD’s [25] or LGAD’s [26]. Achieving such timing resolutions with scintillating nanomaterials with a sub-nanosecond decay time would provide flexibility in matching experiment specific performance requirements as well as constraints in terms of costs, radiation hardness and infrastructure needs.
Several types of scintillating nanomaterials with different levels of confinement (nanoplatelet, quantum wire, quantum dots) have been studied over many years. Among them, CdSe and CdSe/CdS [13, 14, 27–29], CdZn/ZnS [30], ZnO quantum dot or nanoplatelets [15, 31–33], InGaN/GaN multi quantum wells [16, 34–36], the Cesium lead halide perovskyte CsPbX3 (X = Cl, Br,I) [17, 37, 38] for instance reach a fast photon emission with characteristic radiative decay times in the range of nanosecond or subnanosecond. An example of the decay time obtained for ZnO(Ga) nanomaterials is given in Figure 1 right.
The very short decay times of such nanocrystals together with the possibility to tune their emission spectra open new prospects for timing detectors for particle physics experiments, such as precision timing layers for time tagging of collision tracks or scintillators for the energy measurement of particles in combination with high time resolution. Furthermore, if the nanocrystal emission spectrum is tuned into the infrared wavelength band between 1 and 5 μm, for which silicon is transparent (or can be made so via surface treatments [39]), any photons emitted away from the scintillating layer can be detected remotely, even through further semiconductor-based tracking layers, thus opening new possibilities in detector design and functionality.
2.1.2 Time Tagging and Calorimetry
In order to exploit the physical and optical properties of nanocrystals for radiation detectors in various particle physics experiments, R & D efforts need to focus on maximizing the energy deposit in the nanomaterial to have a sufficient number of photons with a very fast decay, increasing the Stokes shift to avoid self-absorption and improving the light transport and light collection of the fast emission. While the production of large volumes of pure nano-crystal based detection devices represents a major technical challenge, layers of nano-crystals can be combined in multiple ways with conventional scintillator materials in so-called hetero-structured scintillators or MetaCrystals [40–43], allowing to simultaneously exploit the properties of bulk scintillators, e.g., in terms of absorption power for the measurement of the energy, and the fast light emission of nano-crystals for timing measurement purposes. One possibility could e.g., be to deposit nano-materials as thin layers of several µm thickness on conventional bulk scintillators [37, 43, 44], together building a sample of alternating scintillator/nano-crystal layers. In this approach the standard scintillator and the nano-crystals are optically separated, thus preserving the high-Z scintillator performance and light collection characteristics, while at the same time adding prompt photons to the signal. The performance of such approaches essentially depends on having a minimum thickness and density of nano-crystal layers to allow for the emission of sufficient amount of prompt photons and on having a sufficient transparency to allow prompt photons to reach the photon detection device. The tunable absorption and emission characteristics of nano-crystals may furthermore allow to convert e.g. ultraviolet scintillation light (e.g., cross luminescence material such as BaF2) or Cherenkov light (eg PbF2, Lead glasses) into visible light, which is more efficiently detectable by photo-detectors, thus being functionally similar to a fast wavelength shifter.
Despite the abovementioned difficulties in producing large volumes of nano-crystals, attempts have been made to produce a stack consisting of multiple waveguides of thin 10–50 μm thick epitaxially grown layers of InAs/GaAs quantum dot scintillators [45, 46]. Having a segmented photodetector array for the readout of each waveguide integrated in such stack, one can achieve an impressive detector performance in terms of light yield and timing characteristics. Various assembly technologies are currently under study to overcome the technical challenges related to the separation of the epitaxial layers from its substrate and its combination into a stack.
Another possibility consists of depositing one or more layers of nano-crystals directly on photo-sensitive devices in order to increase the sensitivity of the photo-detector towards X-ray and γ-ray energies or charged particles for time tagging purposes and thus to significantly enhance the range of applications of such devices. Among the issues to be addressed in these approaches figure a detailed understanding of the surface chemistry of nanocrystals in view of their deposition in form of thin layers of nanomaterials on conventional scintillators or photosensitive semiconductor devices and the transport of light.Whereas nano-crystals can currently be added to scintillating crystals only on their surfaces or as layers alternating with conventional crystal materials, they can on the other side be dispersed in liquids or embedded in host materials such as organic materials or glasses in order to enhance or replace the conventional scintillation mechanism of liquid or plastic scintillators or doped glasses by a scintillation with faster emission characteristic, which allows their use as a fast component of the above-mentioned hetero-structure, in the form of shashlik detectors or as integrated (quasi-continuous) wavelength shifters.
However, various aspects and issues have to be addressed and improved in order to bring the performance of nanocrystal composites to that of conventional detectors, such as the optimization of the energy transfer between the host and the nanomaterial. Also the concentration of nanomaterials must be optimized in terms of density and homogeneity, while at the same time having a good transparency and avoiding the scattering of the scintillation light. Several developments in these directions are performed [17, 30–33, 38, 47–49] and some projects have already been proposed. One example consists of the production of plastic scintillators exploiting CsPbBr3 perovskites as high Z sensitizers, resulting in a large Stokes shift, a high emission yield and a fast emission lifetime of few ns [38]. The resulting scintillation performance is comparable to conventional inorganic and plastic scintillators, making such scintillators a usable tool for waveguiding over long optical distances and for the detection of high energy photons and charged particles without absorption losses. The Esquire project [50] proposed to use scintillating quantum dot containing isotope componants such as CdSe/ZnS embedded in a host matrix for the study of rare events such as the neutrinoless Double Beta Decay (0νDBD). More recently AIDAinnova project approved a blue sky project “NanoCal” on the proof of concept of a fine-sampling calorimeter with nanocomposite materials [51, 52].
2.1.3 Chromatic Calorimetry
Recent developments in the tuneability and narrow emission bandwidth (∼ 20 nm) of quantum dots, quantum wells, carbonized polymer dots, monolayer assemblies or perovskite nanocrystals [53–55] opens the door to a novel approach to measuring the development of an electromagnetic or hadronic shower within a scintillator, with the potential of obtaining a longitudinal tomography of the shower profile with a single monolithic device, via the means of chromatic calorimetry. Specifically, a calorimeter module would need to be built from a single high density transparent material that is differentially doped (at high concentrations) along its length with nanodots with different emission wavelengths, those with the longest wavelengths towards the beginning of the module, and those with the shortest wavelengths towards the end. With the currently demonstrated emission bandwidths of 20 nm, and even constraining emissions to take place only in the visible spectrum, overall around twenty different differentiable emission regions can be envisaged, thus providing for fine grained shower development measurements. The radiation tolerance of these specific nanocrystals remains however to be established. Such a device that would function like a polychromatic embedded wave length shifter thus maps the position and local intensity of the stimulating radiation within the overall module onto the wavelength and intensity of the produced fluorescence light; multiple emission regions can be uniquely identified in a single measurement. One major challenge in implementing such a scheme resides in incorporating nanodots in existing dense crystals during their growth; as mentioned earlier, possible alternatives could be to either intercalate thick dense transparent absorber regions with thin, lower-density, radiation resistant, nanodot doped transparent layers; or to embed both nanodots and microsopic high density crystals within the same low density organic or glass bulk material. Another challenge is the radiation resistance of the bulk material, but also of the nanodots: carbonized polymer dots may not reach the expected radiation resistance of e.g., CsPbCl3 [55], although irradiation tests on triangular carbon nanodots have yet to be carried out.
Naturally, re-absorption (and thus frequency shifting) of light emitted at different points along the cascade has to be avoided: both the bulk material and the subsequent nanodots must be transparent to the photons originating from successively earlier points in the cascade. Positioning of the nanodots emitting the lowest energy photons at the upstream end of the module, and those emitting the most energetic ones at the downstream end (Figure 2, bottom right), together with a nanodot absorption spectrum that only down-converts higher energy photons into lower energy ones, ensures this spectral transparency.
[image: Figure 2]FIGURE 2 | Absorption and photoluminescence (PL) emission spectra of selected narrow bandwidth quantum dot emitters. Top row: Carbonized polymer dots (CPD’s): absorption and emission spectra [53]. Second row: triangular Carbon quantum dots. The normalized UV-vis absorption (C) and photoluminescence (D) spectra of B-, G-, Y-, and R-NBE-T-CQDs, respectively [54]. Third row: CsPbCl3 nanocrystals. (E) optical absorption and PL spectra (excitation wavelength 350 nm) (inset: corresponding photograph under UV light), and (F) time-resolved photoluminescence (TRPL) decay curve of the synthesized PhPOCl2-based CsPbCl3 nanocrystals [55]. Bottom row: (G) Sketch of a compact nanowire-based spectrometer [56] and (H) of the overall scheme for the positioning of the different emission-wavelength specific nandots. The histogram to the right corresponds to the spectral intensity, and thus the depth profile, of the shower initiated by the incoming particle. Figures by permission.
Figure 2 shows the absorption (left column) and emission (right column) spectra of six different types of nanodots; the emission spectrum of e.g., carbonized polymer dots of around 680 nm lies above the absorption line of the subsequent triangular carbon quantum dot that only absorbs up to 582 nm, while emitting at 593 nm, which itself cannot be absorbed by the yellow-light emitting nanodot, and so forth. The final Perovskite nanocrystal in this example can not absorb any of the wavelengths of the earlier nanodots, since its absorption spectrum lies below 420 nm. In this manner, UV or higher energy light produced by the shower stimulates emission by nanodots at wavelengths that are not absorbed by any of the subsequent nanodots, and whose spectral intensity provides a proxy for the shower energy deposit at the depth corresponding to a specific nanodot emission wavelength. Furthermore, both onset and decay of photoluminescence is at the nanosecond timescale, as shown for CsPbCl3 nanocrystals in Figure 2, providing for excellent shower timing and, possibly, even determining the temporal evolution of the shower itself.
In order to extract the shower profile from the spectral intensity distribution, the photodetector must be able to resolve the intensities and timings of the individual spectral lines. Very recently, compact moderate-spectral-resolution or narrowband spectrometers based on nanowires [56] or nanodots [57, 58] have been produced or are under active development; more traditional, albeit bulkier, alternatives based on Bragg spectrometers or prismatic structures, coupled to photodiode arrays are also imaginable.
2.2 Low Dimensional Materials for Gaseous Detectors
Gaseous detectors are widely used as large area detection systems in HEP experiments owing to their high gain factors, rate capabilities and compatibility with harsh radiation environments. MicroPattern Gaseous Detectors (MPGDs) feature good granularity and are employed as tracking detectors as well as for the readout of Time Projection Chambers (TPCs) among other applications. State-of-the-art MPGDs achieve high spatial resolution, energy resolution and specific developments of precise timing MPGDs have demonstrated [image: image]25 ps timing resolution [59].
To enhance the performance of MPGDs in view of future applications, low-dimensional materials are considered for different aspects of detectors: they may be used to tailor the primary charge production process, protect sensitive photocathodes in harsh environments or improve the performance of the amplification stage.
2.2.1 Enhancement of Charge Conversion in Low Dimensional Materials
While gaseous detectors conventionally rely on primary ionisation of gas in the conversion region by incident radiation, solid conversion layers or photocathodes offer a number of advantages by generating primary electrons in a well defined location allowing significantly improved timing resolution. The efficiency and spectral response of conversion layers or photocathodes also directly defines the sensitivity of the detector.
Low dimensional materials and nanostructures can offer new approaches to implement performant conversion layers for radiation detectors and may offer both increased quantum yield as well as access to specific ranges of sensitivity to incident radiation. This can range from exploiting nano-scale geometries to increase the surface available for absorption and photoelectron emission to engineering low dimensional structures to enhance photoemission by resonant processes. Significant improvements of efficiency over thin film or bulk materials as well as tunable work function have been demonstrated in systems such as nanostructured plasmonic surfaces [60], single-wall carbon nanotubes [61], Mg nanodots [62] or graphene layers [63], to name but a few. While some systems target broadband response for versatile detectors with wide spectral sensitivity ranges, other materials offer highly selective and tunable response making them promising conversion layers for particle identification methods. We will suggest possible applications for nanostructures as charge conversion and photocathode layers and highlight their potential for novel radiation detectors.
A key application for photocathodes in gaseous radiation detectors is their use in precise timing detectors where primary charge production needs to occur at a specific time in a well defined location. By converting Cherenkov light from a radiator to primary electrons with a semi-transparent CsI photocathode and using a Micromegas-based amplification stage, the PICOSEC Micromegas detectors have achieved [image: image]25 ps timing precision [59]. The efficiency of the photocathode directly translates to achievable timing resolution and while metallic or other robust photocathodes would offer resistance against environmental effects and ageing during prolonged operation, their QE is typically too low to be suitable for this detection concept.
An enhancement of photocathode QE by resonant processes in low dimensional structures could offer a possibility to overcome this limitation. Studies on nanodots of different sizes suggest that a significant enhancement of photocathode QE may be achieved by a discretisation of energy levels arising from quantum confinement [62]. Enhancement factors as high as 38 have been shown for Mg nanodots with diameters of 52.2 nm compared to Mg thin films with a strong dependance on dimensions [62]. While the efficiency of metallic photocathodes enhanced by nanostructuring would still be below the QE of semiconductor photocathodes it may be attractive to profit from the robustness of such structures.
Resonance-enhanced multiphoton photoemission processes have also been observed in single-wall carbon nanotubes [61] along with ultrafast emission timescales. In addition to enhanced QE, the high anisotropy of nanotubes also leads to a dependance of their response to different polarisations of incident light as well as a modification of absorption spectra for different geometries, thus providing a high level of flexibility in tuning detector response. In addition to sensitivity enhancements and optimisation to specific wavelength ranges, particle identification (PID) methods can profit from the selectivity of the response of nanomaterials. Tuning the band gap or work function has been demonstrated in a variety of systems, including modifications of graphene layer work function by UV exposure or plasma treatment [63] or the engineering of nanophotonic crystals to cover specific spectral ranges [64]. While nanophotonic crystals provide enhanced sensitivity for narrow spectral ranges and are thus selective for specific particle momenta in PID detectors, stacks of 1D photonic crystals of different periodicities can simultaneously offer high sensitivity to different particle momenta and may allow for efficient PID even in high particle flux environments [65]. Being selective to discrete bands of particle momenta can be a significant advantage in mitigating pileup and preserving PID capabilities in high rate experiments.
2.2.2 Graphene or Other 2D Materials as Photocathodes Encapsulant
The use of photocathodes in gaseous detectors is advantageous in the improvement of both time and spatial resolutions. Semiconducting photocathodes such as CsI provide high quantum efficiency (QE) in the UV range but have a limited lifetime due to 1) environmental condition such as humidity and 2) ion bombardment in gaseous radiation detectors. Surface coatings with 2D materials may enhance the lifetime by blocking incident ions while also modifying surface work function thus increasing QE. Theoretical studies [66, 67], based on ab initio density functional calculations, have been explored showing how a hBN layer on top of alkali-based semiconductive photocathodes should decrease the work function.
Ongoing promising studies demonstrate an increased operational lifetime by encapsulation of semiconductive [68, 69] as well as metallic [70] (i.e., Cu) photocathodes with few layers of graphene (from two up to eight layers) while lowering the QE. The decreased QE is mainly attributed to issues during the transfer process and graphene quality and achieved experimental values are approximately one order of magnitude below theoretical predictions [68].
2.2.3 Tailoring Microscopic Transport Processes
In addition to applications for charge conversion layers and photocathodes, atomically thin layers may be exploited to optimise the operation of gaseous detectors and tailor microscopic transport processes of charges. Gaseous detectors suffer from the back flow of positive ions created during charge amplification to the drift region which can lead to significant distortions of electric fields impacting subsequent events and is of particular importance in gaseous TPCs. Graphene has previously been proposed as selective filter, which could suppress the ion back flow fraction while permitting electrons to pass [71]. Graphene is the thinnest 2D material in nature with single atom thickness composed of sp2 hybridized carbon atoms arranged with a honeycomb symmetry. Thanks to its electrical and optical properties it has been used in various applications including ultrafast photodetectors and FETs. Despite being one atom thick, graphene is impermeable to atoms [72] and its mechanical properties as elastic properties and intrinsic breaking strength of free standing layers make it the strongest known material [73]. As shown in [72], carbon’s π-orbitals are delocalized and thus do not allow even to the smallest molecules to pass through the layer. At the same time, graphene is expected to be transparent to electrons traversing the sheet due to its low electron density n [image: image] in a perpendicular direction, which should hold even for low electron energies in the range of 5–10 eV. Since in gaseous detectors the mean energy of primary electrons cannot be significantly higher than 10 eV because it is limited by the electrons mean free path between subsequent interactions with atoms/molecules of the gas, a good low energy electron transmission through the graphene layer is important in order to apply graphene as a filter for ion back flow.
Freely suspended single or few layer graphene membranes on top of tens of micrometer large holes in Gaseous Electron Multipliers (GEMs) may block ions while permitting electrons to pass and participate in avalanche multiplication. First evaluations of this approach were limited by defects of transferred graphene layers, which degraded electron transparency. Exploiting advances in the growth and transfer of graphene, ion and electron transparency of graphene membranes is being explored and may be used to develop low ion back flow detectors based on GEM technology.
Several theoretical and experimental works were carried out in recent years, investigating electron beam transmission through graphene, by measuring the transparency as a function of the incident electrons’ energy [74–78]. The results of these studies are often contradictory, especially in the very low energy electron range around 5–20 eV. The transverse electron transmission coefficient through graphene is usually measured in vacuum where layers show high transparency almost close to unity to electrons with energies ranging from tens of keV up to 300 keV. These energy values are about three to four orders of magnitude higher than the energies in gaseous detectors and are commonly used for transmission electron microscopy (TEM) where graphene can be used as a sample support for TEM measurements [74, 75]. Transparency for electron energies in the low energy range of tens up to hundreds of eV can be evaluated by the use of electronvolt transmission electron microscopy. Graphene shows a good transparency of about 60–70% for electron energies from 40 to 50 eV up to 100 eV [76, 77]. For low electron energies below 15 eV, experimental results have shown discrepancies which can result from the strong dependence on graphene quality at these low energies ranges [76, 77]. In particular for electrons with energies below 10 eV there is no systematic investigation to date but promising results for this low-energy region, which suggest that the transmission coefficient of electrons with energy less than 10 eV can achieve as high as 99% transparency [78]. In addition to selective ion filtering, freestanding graphene membranes with transparency to primary electrons may also be used to physically separate drift and amplification regions of the detectors working as gas separator [79–81] and profit from additional flexibility in the choice of gas mixtures optimised for high conversion efficiency in the drift region and suitable mixtures for high electron amplification factors.
3 NANOENGINEERED SEMICONDUCTING DEVICES
3.1 Chromatic Tracking
The position resolution of existing semiconductor pixel or microstrip detectors lies in the region of 10 μm, well suited to the current generation of high energy physics detectors. For future collider experiments, such as FCC-ee, individual hit resolution must be of the order of 3 μm [82] in order to allow achieving a combined vertex resolution of around 5 μm. Particularly, improved position resolution in the first detection plane (first scattering plane) after the primary vertex would allow improved secondary vertex determination, better particle discrimination, and higher jet flavor identification probability. While ultra-thin silicon microstrip and pixel detectors are a very effective approach to address this challenge, their resolution remains limited to the few μm level.
The scintillation properties of quantum dots (section 2), together with their O (10 nm) dimensions, suggest a possibility of improving the hit resolution of these innermost detection planes even further. Tests of InAs/GaAs quantum dots with α particles have provided evidence for a significant photo-electron yield (3 × 104 photoelectrons per 1 MeV of deposited energy) and very rapid luminescence (emission time 0.3 ∼0.6 ns) [83]. Furthermore, due to the mismatch between the differences between the base layer lattice and that of the InAs quantum dots, these self-assemble: in [83], a quantum dot density of about 3.5 × 1010 cm2, with lateral dimensions of 14 ∼18 nm and heights of 5 ∼6 nm was achieved.
It is conceivable to cover the surface of a silicon microstrip or pixel detector, but also of thin intercalated dedicated planes, with thin layers of light-emitting material in form of such semi-conducting quantum dots or quantum wells. While the functionality of existing quantum dots is not subject to external power sources, it may be interesting to consider the possibility that they could be coupled to the power distribution system of the silicon (or GaAs) detectors, perhaps leading to enhanced control over their dynamic properties. Moreover, it might be possible to do this in such a manner that each strip of a silicon microstrip detector is subdivided into a limited number of sub-micron wide bands. Self-assembly of nanodots [84] would appear to ensure that each microstrip zone would contain identical periodically-spaced nanodots, and thus nanodots producing light of the same frequency. If it is possible to affect this self-assembly process, one could effectively introduce a periodic, long-range modulation of the nanodot dimensions within each zone, and thus of the emission wavelengths. While no technology has yet been developed that would allow effectively controlling and modulating the growth of nanodots at the atomic scale over large distances, some possible directions to investigate could be through the moiré-modulated substrate interaction discussed in [84], through interferometric laser annealing of the deposited layer [85] or through careful choice of the lattice mis-match between substrate and few atomic-layer thick additional layer. These could then lead to e.g. periodic changes in the chemical composition of the nanodots [86]).
If feasible, this would result in several distinct sub-bands (or at least a continuous variation of the dimensions of the formed nanodots) on the inter-strip or pixel scale, each concentrating nanodots of a specific size, corresponding to emission of light at a zone-specific frequency range [54]. Detecting the frequency of the light emitted by these nanodots in coincidence with the strip signal would then allow uniquely identifying which band the charged particle traversed, effectively resulting in a sub-micron position resolution. Also here, narrow-band photospectrometers (as in section 2.1.3) will be required.
To enhance and control the photon yield in such layers, an alternative to the passively emitting quantum dots is provided by epitaxially grown intermediate structures between quantum wells and quantum dots [87] which combine the light yield of quantum dots with the active control of quantum wells.
Similar to the above approach, thin layers coated with layer-specific nanodots, thus resulting in light of a layer-specific frequency, can be intercalated between tracking layers. If the emission spectrum of these is chosen in the mid-IR, then the emitted scintillation light will be able to pass through any intermediate silicon-based tracking layers, silicon being mostly transparent for infrared wavelengths between 1 μm and 10μ. A spatially and spectrally resolving IR camera positioned outside of the tracking layers would thus also be able to detect the emitted IR photons, adding spatially (and possibly even temporally) resolved hits to any tracks. This approach can be carried out also inside of the innermost tracking layer by an appropriate coating of the beam pipe at the heart of collider experiments. Naturally, care will need to be taken to minimize absorption through services or silicon-tracker internal structures, by e.g., use of ultrathin (few nm) metallic layers or of IR-transparent conductors.
3.2 Quantum Cascade (Active) Scintillators
While in most widely used scintillators, minimum ionizing particles excite electrons from the valence band into the conduction band, which then emit fluorescence light due to transitions between energy band levels (inorganic scintillators) or through molecular excitation and relaxation processes (organic scintillators), these processes can not be actively enhanced (except for static doping with activators), nor electronically controlled. In other words, there is no possibility of “tuning”, of “switching on” (or “off”), of “priming” the properties of the scintillating material dynamically, nor of benefiting from quantum effects beyond those occurring within the existing crystal lattices or the molecular constituents of the scintillators. In recent years, a number of authors have explored novel types of “custom-built” scintillators, whereby the composition, the structure or the surface of the scintillating material is controlled at the nm scale, with significant potential for dramatic improvements in light yield and temporal resolution [88, 89]. But also these nanostructured scintillators, such as those proposed for chromatic tracking above, as essentially passive devices: the scintillation light they emit is produced by spontaneous de-excitation of the nm-sized structures excited by the passage of a charged particle or the interaction with high energy photons, and its frequency is defined by the chemical composition, geometry and dimensions of the emitting structure.
In contrast, active components should allow—in principle—tuning both frequency and intensity of the emitted light. It is thus tempting to consider systems that would either allow “priming” a detector shortly prior to the passage of charged particles of interest, or that would allow “triggering” optical transitions from excited states after the passage of particles, depending on the intended use. Photo-emitting nano-structures are of wide industrial interest are consequently undergoing very active development. Of particular interest here is F-band photoluminescence (see e.g., [90] for a review). Of particular interest here are quantum cascade lasers (QCL), whose series of wells are carefully tailored to allow a coherent process of photon emission, triggered by the successive tunneling steps of an electron from the central potential well into subsequent wells at lower potential, to take place [91]. A modified QCL with a small number of wells (potentially a single one) would provide the possibility of functioning not as an “amplifier” for the initial electron of a QCL that is converted into a large number of monochromatic photons through the multiple stages of the cascade, but rather as a single stage “converter” of the large number of electrons produced through ionization by the passage of a m.i.p. through the QCL’s central well into the same number of (monochromatic) photons as the electrons tunnel through the single stage cascade structure.
Detection of the photons alone would only result in such modified QCL structures behaving like “active scintillators”; in order for them to function additionally as trackers, a correlation between their position and the frequency of the light produced by each individual active element is required. The tunability of QCL’s can provide this correlation, either by fine-tuning the dimensions or by precise control of the voltages applied to each QCL; in either case, under realistic conditions, only a limited number of differentiable frequencies could be produced. This scheme would thus only work in concert with additional trackers that can disambiguate the specific QCL from which a photon was emitted from the subset of identical QCL’s. Readout of such photonic trackers would, as indicated above, be simplified if the emitted photons were in the infrared regime, as is typical of QCL’s, as the photodetectors could then be remote to the emission region.
4 NANOPHOTONICS, METAMATERIALS, AND PLASMONICS
4.1 Nanophotonic Cherenkov Detectors
Nanophotonics, metamaterials and the engineering of plasmon modes in nanostructured materials lies somewhat at the border of quantum sensors, but given that it too represents engineering of materials at the nanometer scale and relies on quantum effects brought forth by the interactions between small numbers of atomic or molecular systems, it makes sense to briefly refer in this paper to opportunities appearing due to recent developments in this field. In addition to the surface treatment of scintillators [92] touched upon in section 2.1.2, and which is being pursued to enhance the light yield in the case of photonic crystal scintillators [93, 94] or plasmonic scintillators [95, 96], recent work on Cerenkov light generation also points towards potentially interesting possibilities.
The material limitations (constraints imposed by the use of low refractive index materials and the concomitant low photon yield, or, in the case of dielectrics, very similar Cerenkov angles for high energy particles) in Cherenkov detectors can be partly overcome by using modern concepts from nanophotonics and metamaterials: longitudinal plasmon modes in nanometallic layered materials [97] can allow achieving continuously-tunable enhanced Cherenkov radiation. In another approach [98] relying on the Brewster effet, structures built of 1D photonic crystals of different periodicities but identical constituent materials, form a broadband angular filter. While this Brewster-Cerenkov scheme is significantly more sensitive to particle velocity than approaches based on the standard Cerenkov angle (albeit at the price of a reduced photon flux), the particle to be identified must travel parallel (within 0.5°) to the surface of this structure, a limitation that will require appropriate detector designs.
This directional limitation is however also an invitation to consider using appropriately-constructed Cerenkov detectors as elements of the charged particle tracker. The nanoscale sensitivity of surface Dyakonov-Cerenkov radiation induced by the motion of charged particles in birefringent crystals [99] (radiation emission is greatly enhanced when the particle is within 200 nm of the surface of the birefringent material) makes it possible to consider very high spatial resolution tracking detectors based on the detection of the Dyakonov surface waves. However, the emission of secondaries through the interaction of the primary within the high-density birefringent material and the concomitant energy loss (which limits the photon yield) present serious challenges towards a concrete realization of such a detector. Nevertheless, it is encouraging that approaches based on engineering scintillator or crystal structures at the nanometer scale might open up completely new functionalities or detector families.
5 NITROGEN-VACANCY DIAMONDS
Defects in diamonds, which are the reason for the variety in coloration of the jewels, have been studied for decades. One of the most studied is the Nitrogen-Vacancy (NV) defect. Its spin state can be optically prepared and be read out [100–102] using the photoluminescence properties of the crystal [103]. The observed quantum properties at room temperature [104] have attracted intense interest and find applications in the areas of quantum information [105], quantum manipulation [106] and quantum sensing with unprecedented accuracy of absolute nanoscale-resolution measurements of magnetic and electric fields [107], spin [108], strain [109] or temperature [110].
The color center can be in a negative (NV−) or neutral (NV0) state [111]. The NV− center has a detectable magnetic resonance associated with its ground and excited levels, which is not the case for the NV0 center. For this reason, the NV− system is usually preferred. The optical transitions of the defects are far from the conduction and valence band levels of the diamond [112]. The NV− defect can be spin polarized using optical excitation, allowing a precise control of its state. This property allows one to use them as polarimeters. However, their use for direct detection requires to have the probe in the atomic vicinity of the sensed particle: the use of electronic spin reporters on the surface of the diamond allows to read at nanometric distances the spin of single particles [113].
The applications that could potentially incorporate nitrogen vacancies in diamonds benefit from the following intrinsic properties: the vacancies constitute a self-calibrated instrument based on known optical transitions, exhibit fast optical spin-polarization, sensitivity to static and dynamic magnetic fields, long coherence times and coupling to neighboring nuclear and electronic spins, and are reliable in handling and manufacturing. Here, we propose two schemes for tracking and polarimetry using NV’s in diamond as active medium of a new kind of particle detectors. The first scheme introduces the optical polarization of the NV center as the active scattering medium which deflects particles depending on the incoming particle spin orientation; the second scheme is that of an active target, prepared to be operated in close vicinity of the reaction in order to sense the remaining low energy fragments after the collisions have taken place.
5.1 Polarimetry and Tracking: NV in Diamond Arrays as a Polar Tracker
The measurement of observables that can be related to the spin orientation of a particle provides an additional degree of control for understanding the underlying physical processes. In this sense, the internal structure of the nucleon, nucleus, the origin of the spin of hadrons or the spin properties of the deconfined fluids produced in collisions of heavy ions could be explored using particle trackers enhanced with intercalated polarized thin scattering planes for measurement of left-right azimuthal asymmetries along the ϕ angle of the particles impinging on these polarimeters.
Currently, spin physics is limited to facilities with polarized beams [114] and targets [115] or to particles such as the self-resolving weak decays, such as of the Λ baryon [116]. Extending the availability of measurements to other hadrons could bring new insights into their structure and interactions or those from whose decay they stem.
The intrinsic optical polarization properties of the NV defects in diamond can be suitable for construction of thin polarized layers with them. Charged particles undergoing elastic scattering with the polarized centers will have a small anisotropy in the left-right scattering direction. By measuring the process several times, a probabilistic estimate of the polarization of the particle can be reconstructed according to the scheme in Figure 3. The simplest setup would consist of a series of thin pairs of silicons or detectors with similar position sensitivity providing high pointing accuracy and a reduced probability of scattering interleaved with NV’s in diamond planes embedded in guides enabling the polarization of the defects. These defects can be efficiently polarized [102] and slightly modify the helicity-dependent scattering direction probability of a charged particle crossing the polar tracker, thus providing access to determining single particle spin orientations.
[image: Figure 3]FIGURE 3 | Conceptual scheme of a charged particle tracked with incorporated polarimeter based on NV’s in diamond as polarizable scattering medium. The polarization is measured particle-by-particle by using the right-left asymmetry in the scattering probabilities. Two planes of tracking detectors, such as silicon pixel or microstrip detectors, are needed to determine the particle direction before and after the polarized scattering plane. The polarization of the diamonds can be achieved using optical means.
The probability of scattering in a polarized atom is directly proportional to defect abundance in the diamond. The density of defects is one of the parameters that is actively being optimized as the sensitivity as a magnetometer scales with the square root of its number [117]. Several existing approaches using modified deposition schemes [118] or creation of defects with laser radiation [119] can achieve densities of 1016–18 cm−3. In spite of the possibility of locally enhancing this density by another two to three orders of magnitude through hyperpolarization [102] (polarizing the atoms surrounding the defects), an additional increase by two orders of magnitude in the defect abundance (or the size of the locally polarized region surrounding them) will nevertheless be required before such helicity trackers can be realistically contemplated.
5.2 Polarimetry and Tracking: NV in Diamond as Active Targets for Sensing Heavy Fragments
In the previous scheme we have incorporated in the measuring scheme only the optical polarization property of the NV’s in diamond. Diamonds are known for having a high tolerance to ionizing radiation. This makes them suitable beam detectors [120]. Diamonds with defects could however be also used as part of an active target. The high sensitivity of the defects to the presence and spin of even single particles [121] can be used to sense the production and the spin of the remaining highly charged ions (HCI), left after induced fission happens in the interface between the polarized diamond and the target.
The scheme of such an active target is shown in Figure 4. The beam particle hits the target after crossing the first (silicon) tracking section which provides accurate directional and impact location at the position of the diamond target. There, the beam particle interacts with the target producing high momentum particles which are projected in the forward direction. Remnants of the target nucleus might survive and remain in the vicinity of the target with low kinetic energy. The thin silicon trackers provide additional information needed to constraint the locus of the interaction and the vertex and momenta of outgoing particles. The optical readout, which can be synchronized at ns-level with the optical control of the diamond provides background free measurements of the participants and spectators of the collisions. Such a design could also facilitate the measurement of the collision centrality in fixed-target experiments.
[image: Figure 4]FIGURE 4 | Scheme of an active target based on polarized NV’s in diamond used to sense the remaining heavy and slow spectator fragments. The sketch shows the silicon trackers, the target material and the optoelectronic system used to prepare the diamond for the measurement and to perform the readout.
6 MANIPULATION OF ATOMS
In recent years, the usage of Rydberg atoms as a key element in many applications has been explored [122]. Their features, related to the precise control of the quantum state, their long lifetime and their size has stimulated their use in quantum computing [123], as sensitive volume [124] or as transducers of electromagnetic radiation of different wavelength [125–127]. The first approaches to produce atomic Rydberg states used collisions, making precise manipulations impossible. Replacing this approach by a laser-based excitation scheme [128] however results in precise control of the accessed energy levels. Rydberg states can be very large, more than 104 times the size of ground state atoms, when they are in high n-states, with n being the principle quantum number. As is the case for many of their properties, their size scales with increasing n, specifically with n2. Their lifetime, after including all possible decay modes, scales as n3, being of the order of 10–5 s for n ∼ 50, making them perfect candidates for long interaction time exposures. Another source of sensitivity is the reduction of the energy needed to strip an electron from a highly excited Rydberg state as compared to starting from ground state atoms. In general, the required energy decreases with n−2, making them exceptionally sensitive to small changes happening in the medium, be it external electromagnetic fields or the presence of other atomic species or neighbouring Rydberg atoms.
6.1 Optical Tracking TPC’s
High precision charged particle tracking in large volumes requires complex systems, sometimes with more than half a million read-out channels [129]. In addition to collecting charge, recording detector information using electro-optical means is also possible by detecting the fluorescence light produced in the avalanche amplification region [130, 131] of gas-based detectors. This approach has the advantage of providing high accuracy tracking of complex events at a reduced cost [132, 133]. Enhancing tracking detectors with atoms far from the ground state can be interesting in the readout, multiplication or in the ionization regions.
The high sensitivity to electric and magnetic fields of Rydberg atoms makes them ideal candidates for optical transducers [127] for sensing the electron avalanches in the multiplication zone of a projection chamber detector. Sensors based on Rydberg states are not only sensitive to the presence of the fields but also to the incoming direction [134], making it possible to record complex pictures in the visible domain of the amplification region. The scheme of such an optical tracking detector is shown in Figure 5. The scheme shows the typical design of a projection chamber with the large drift volume where the primordial ionization is created along the path of the charged particles. A constant electric field guides the electrons towards the amplification region. Here, a strong electric field accelerates them and electron avalanches are produced. The fast electromagnetic signals in the GHz domain accompanying the electron avalanches can be efficiently transformed into the optical domain using Rydberg states [126]. The excitation of the gas atoms can be done using a two-level laser system tuned to the desired level with sub-ns time synchronization if systems designed for quantum experiments as the Sinara/ARTIQ open hardware and software are used [135, 136]. The highly excited Rydberg atoms in the amplification region also play a second role: their very low and adjustable ionization threshold ensures that electrons in the avalanche can easily ionize them, thus leading to an enhanced avalanche signal.
[image: Figure 5]FIGURE 5 | Scheme of a projection chamber with a Rydberg transducer of the EM pulses produced in the amplification region and which are upconverted into the visible domain for optical readout. The amplification region furthermore produces an enhanced number of avalanche electrons due to the low ionization threshold of the Rydberg atoms. The atoms are excited by a two-level laser system. The rest of the chamber follows a classical design with a magnetic field to sense the Lorentz force and the homogeneous electric field to transport the electrons and ions from the primordial ionization region to the amplification region.
Alternatively, the concept can be extended to the ionization and drift volume region. If the sensitive volume of the detector can be brought to a highly-excited electronic state, then the immediate benefit is the decrease of the ionization threshold of the medium. This in turn can result in a higher effective ionization along the charged particle’s trajectories, compensating the requirement of a very low gas density to avoid self-ionization (a consequence of the size of Rydberg atoms and their interactions). This would both allow and require a decrease of the current thickness of ∼1% in radiation length [137] by 2 or 3 orders of magnitude, thus reducing the multiple-scattering and energy loss and allowing both the tracking of very low momentum particles and an increase in the momentum resolution and pointing accuracy.
The scheme of a Rydberg Tracking Chamber (RTC) is shown in Figure 6. The optical readout of the signals left by ionizing radiation can be done in 4 steps. In the first one, the low density gas is excited to a low-n Rydberg state with lifetime of 100 ns using a two-level laser system. This process happens synchronously with the expected beam arrival such that the products of the collision find the ionization medium in an excited state, which is the second step. As the excitation cross section dominates over the ionization [138], many low-n Rydberg states can be transferred to high-n states. In the third step, the low-n Rydberg atoms de-excite by emitting photons. However, those atoms that have been excited further have an extended lifetime which can reach μs. These highly excited states can be read out in the last step directly using the electromagnetic induced transparency [139, 140] or the atoms can be photo-detached by electric fields and the resulting supernumerary (with respect to standard ionization) electrons or ions can be detected by conventional means simultaneously with the electrons or ions generated along the same trajectory by standard ionization.
[image: Figure 6]FIGURE 6 | Scheme of a tracking chamber using Rydberg atoms as sensing medium. The measurement is performed in four steps. First, via two-level laser excitation, the atoms in the primary ionization region are brought to a low-n Rydberg state synchronously with the collision time. In the second step, the charged particles produced in the reaction ionize or excite the Rydberg atoms along their flight path. After that, the short lived states decay back to the ground state and the highly excited Rydberg states can be read out using opto-electronic means, such as electromagnetic induced transparency. Alternatively, the electrons can be photo-detached and detected as an effective locally increased ionization cloud using standard techniques.
7 CONCLUSION
While most of the ideas proposed in this paper are very speculative, and much exploratory and developmental work will be required to ascertain their feasibility or usefulness in the context of high energy physics detectors, it is our hope that they could be seen as incentives for further exploration: the problems they address require solutions which these or other quantum sensors may be able to contribute to. It is also clear that these proposed approaches may be neither the optimal, nor the only quantum sensing approaches to some of the challenges of future high energy physics detectors.
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