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The ARIADNE programme is focused on the development of a scalable optical readout system for use in future ktonne LAr neutrino experiments, providing high tracking capability and low energy thresholds. Following demonstration at the 1 tonne scale (ARIADNE detector), a 20 tonne experiment has been performed at the CERN Neutrino Platform (ARIADNE+) to test scalability for integration into colossal future experiments such as those planned within the DUNE programme. This paper details the design, construction and performance of a 2.3 × 2.3 m light readout plane (LRP), which contained the largest glass THGEM array ever constructed. Four Timepix3 cameras were mounted externally to image the secondary scintillation light produced within the THGEM holes; three cameras operated with a visible image intensifier, and one with a VUV sensitive intensifier coupled to a custom magnesium fluoride lens. The Timepix3 data are natively zero suppressed, and with the 1.6 ns timing resolution, straightforward 3D event reconstruction is possible. A gallery of reconstructed LAr interactions is presented. Energy resolution and calibration were determined using cosmic muons. The energy resolution was found to be approximately 11% for the presented dataset. An outlook on the next steps for this work is given.
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1 INTRODUCTION
Traditional wire-based readout methods for Liquid Argon Time Projection Chambers (LAr TPCs) are facing a number of engineering and technological challenges as the next-generation of LAr neutrino experiments see ktonne-scale active volumes. These challenges stem from the various experimental requirements such as spatial resolution and energy thresholds. Therefore, alternative methods of readout are now being looked at to both compliment existing technologies and offer cost-efficient solutions without sacrificing performance. A detailed comparison of LAr TPC readout methods, including the optical readout approach described in this paper, is available in (Majumdar and Mavrokoridis, 2021).
The ARIADNE program has successfully demonstrated the viability of optical readout for dual-phase LAr TPCs using fast, high resolution Timepix3 cameras (Fisher-Levine and Nomerotski, 2016). This includes the readout of the 1 tonne ARIADNE detector at Liverpool with the use of a Thick Gaseous Electron Multiplier (THGEM) to image through-going muons (Hollywood et al., 2020; Lowe et al., 2020). Demonstrating the further scalability of ARIADNE technology is vital if this technology is to be considered an option for large-scale neutrino experiments such as DUNE (DUNE Collaboration, 2018).
Built for testing the vertical drift Charge Readout Planes (CRPs) (DUNE Collaboration, 2023), the ProtoDUNE “cold box” offers an ideal test bed for a modular ARIADNE Light Readout Plane (LRP). This paper begins with an overview of the ARIADNE detection principle and how this approach was scaled up for ARIADNE+. The novel components which make up the LRP are detailed along with the assembly of the detector. Finally, the operation of the detector, data acquisition and calibration results are given.
2 MATERIALS AND METHODS
2.1 ARIADNE detection principle
In contrast to traditional LArTPC charge readout approaches, ARIADNE takes advantage of the scintillation light generated by an amplification stage within the detector. When an ionising particle passes through the detector volume, electrons are liberated from argon atoms and primary scintillation light (S1) is emitted. This primary scintillation light can be detected and used to give a T0 time for the event. The liberated electrons are drifted towards the liquid surface where, for ARIADNE optical readout, they are extracted from the liquid before undergoing amplification within a THGEM. By achieving electric field strengths of 10s of kV/cm within the THGEM holes, those electrons which are drawn into the THGEM holes undergo Townsend avalanche. This amplification results in ionisations/excitations of gas argon molecules producing secondary scintillation light (S2). The light that is generated from the excitation of argon gas molecules by the amplified drift charge is wavelength shifted before being imaged by the ultrafast Timepix3 camera. The detection principle is shown in Figure 1.
[image: Cutaway diagram of a detector setup with detailed insets. The main section shows a liquid argon chamber with S1 and S2 stages, capturing electron signals. The upper inset details a camera system, including Timepix3, relay lens, intensifier, and objective lens. The lower inset shows wavelength shifts, with electron-induced 128 nm light converting to 420 nm using TPB WLS.]FIGURE 1 | The ARIADNE detection principle. Timepix3 cameras image the secondary scintillation light generated within the THGEM holes in a dual-phase LAr TPC.Given the optical nature of the readout, a wide range of commercial/off-the-shelf lenses and optical components can be utilised to control the Field-Of-View (FoV), spatial resolution, etc. Each hit the sensor records provides the X,Y position of the hit along with a 1.6ns resolution timestamp (Time of Arrival - ToA) and a 10-bit intensity value (Time over Threshold - ToT). This intensity value is a result of charge accumulation in the pixel electronics which discharges at a constant rate until the amount drops below a set threshold; at this point a ToT value is then determined. Given that the drift velocity of the detector is known, the X,Y and ToA allow for a full 3D reconstruction which can be combined with the S1 T0 signal for reconstructing the absolute z position of the event within the drift volume.
The readout is ‘Event-Based’, or data-driven, meaning that only the pixels registering a hit have their data saved so that all data is zero suppressed as standard. This provides for continuous, trigger-free readout and real-time viewing of data-stream. The Timepix3 chip itself is comprised of 256×256 pixels, 55 μm square with a maximum readout rate of 40 Mhits/s/cm−2. In order to overcome the noise threshold of the Timepix3 ASIC (approximately 500 electrons), the sensor is coupled to an image intensifier. When combined with an intensifier, gains of 1×106 photons per incident photon are possible therefore making the setup sensitive down to the single photon level. To explore the possibility of ARIADNE optical readout without the need for wavelength shifting, a custom-made VUV sensitive image intensifier was integrated to one of the Timepix3 cameras.
Since the cameras are mounted on the outside of the TPC, the readout is completely decoupled from the internal TPC electronics, protecting it from any noise induced by the high voltages of the field cage or cathode. In addition, the technology can be easily accessed for maintenance and future upgrades. For example, Timepix4 has an improved timing resolution of approximately 200ps and larger sensor size of 448×512 pixels (Llopart et al., 2022).
The ability to image a large active area per single camera is a key advantage of the ARIADNE readout. As detailed later in this paper, one visible light intensifier Timepix3 camera was used to image 1 m × 1 m area of the detector: Each pixel on the camera corresponds to 4 mm × 4 mm on the THGEM plane. Thus, Timepix3 cameras provide a cost-effective readout solution, especially as the detector readout area scales up.
2.2 The ARIADNE+ detector components
The next-generation of large scale liquid argon neutrino detectors, such as DUNE, present a number of technological challenges and have large potential to benefit from novel readout techniques (Abed Abud et al., 2024). Given the aforementioned benefits that ARIADNE readout can provide for LArTPCs, ARIADNE+ is designed as a test of possible solutions to the challenges of scaling up the readout for use with ktonne-scale TPCs. The detector is installed in the 5 m × 5 m “cold box” cryostat with a drift length of approximately 20 cm. Four penetrations in the roof of the “cold box” accommodate the re-entrant viewports, each containing a Timepix3 camera. Each re-entrant port is continuously flushed with nitrogen, thus preventing the build-up of condensation on the viewport glass. A CAD model of the detector setup can be seen in Figure 2.
[image: Diagram showing an experimental setup with components labeled. A light readout plane (LRP) at the bottom is depicted, with cathode and photo-detectors embedded. Four TPX3 cameras image a one-meter square area. Nitrogen-flushed re-entrant viewports are on top. A side view illustrates a twenty-centimeter drift region beneath the setup.]FIGURE 2 | A CAD model of the ARIADNE+ detector with key components labelled.2.2.1 Visible image intensifier timepix setup
ARIADNE+ optical readout utilises a 2.3 m × 2.3 m LRP, with each Timepix3 camera coupled with a visible light intensifier, achieving a field-of-view of 1 m × 1 m active area. For ARIADNE+ a custom housing was designed which integrates a right-angled mirror, allowing the setup to be installed vertically within the re-entrant viewports and can be seen in Figure 3. These cameras image the wavelength-shifted light from the THGEM using a Voigtländer Nokton 10.5 mm focal length, f/0.95 lens. This light is focused onto the photocathode of a Photonis Cricket intensifier (Photonis, 2025); the light from the intensifier screen is relayed to the Timepix sensor using an Irix Macro lens.
[image: Compact device with a design featuring a mirror and intensifier for vertical mounting. Positioned next to it is an exposed circuit board with visible components and a fan, showcasing sophisticated internal construction.]FIGURE 3 | Timepix3 camera setup with redesigned housing.2.2.2 VUV sensitive image intensifier timepix setup
In order to mitigate the need for the use of wavelength shifters and to increase the light collection efficiency, a custom-made VUV sensitive image intensifier was integrated to one of the Timepix3 cameras. The intensifier is able to directly detect the 128 nm secondary scintillation light produced from the THGEMs and this is relayed to the Timepix3 camera.
Image intensifiers are designed to be sensitive to specific wavelengths of interest through tailoring the photocathode, i.e., the Photonis Cricket mentioned earlier is designed for the visible part of the Electromagnetic (EM) spectrum. A prototype image intensifier, with a photocathode sensitive to VUV light, was purchased from Photek (Photek, 2025) for R&D, assessing its feasibility for future runs.
The quantum efficiency of the VUV image intensifier overlaid with the scintillation spectrum of argon can be seen in Figure 4. Included in this figure is also the scintillation spectrum of xenon, highlighting the potential to use this approach within xenon detectors. In particular, the Photonis image intensifier (Byrnes et al., 2023), has a quoted Quantum Efficiency (QE) of approximately 22% which is an improvement on the approximately 5% achieved by the current Photek intensifier as seen in Figure 4.
[image: Graph showing scintillation spectra for argon and xenon, alongside photocathode quantum efficiency. The x-axis represents wavelength in nanometers, from 100 to 200. The y-axis on the left shows scintillation probability density, while the right y-axis shows quantum efficiency percentage. A blue line represents argon, peaking around 130 nm. A purple line represents xenon, peaking around 170 nm. A black dashed line indicates the photocathode's quantum efficiency, peaking slightly above 70% before decreasing.]FIGURE 4 | The Quantum Efficiency (QE) spectrum (shown in black) of the VUV image intensifier used within ARIADNE+. Also included is the adapted scintillation spectrums for argon (blue) and xenon (purple) from (Gehman et al., 2011).Most common lens materials will not transmit VUV wavelengths and so alternative materials for both focusing and the window of the intensifier are needed. For the wavelength of light emitted by argon scintillation, the two best-performing materials available are Lithium fluoride (LiF) and Magnesium fluoride (MgF2). LiF is particularly sensitive to thermal shock, is hygroscopic and requires extreme care when handling. In comparison, MgF2 is the hardest of the fluoride materials when used in optics and especially durable in harsh conditions such as those of a LArTPC (KnightOptical, 2025), making it the material of choice for this test. Even as the best performing lens materials for VUV light, the transmittance of MgF2 and LiF is poor (approximately 60% (Horiba, 2025)). Thus, the use of multiple stages within the lens is not practical while maintaining optical throughput.
The layout of the intensifier itself is presented in Figure 5. The Caesium Iodide (CsI) coated Microchannel Plates (MCPs) are 18.8 mm in diameter and 4.171 mm from the back of the input window. Mounted to the MCPs is the phosphor screen which again is 18.8 mm in diameter. It is this screen that the Timepix3 is focused on for readout.
[image: Diagram of a device showing labeled components: Output Window, Intensifier Magnesium Fluoride Input Window, Phosphor Screen, CsI Coated MCPs, Magnesium Fluoride Lens, F-Stop, and Lens Brace. Each part is marked by arrows for clarity.]FIGURE 5 | A CAD model showing the internals of the Photek VUV intensifier. The adjustable lens brace and f-stop were designed and added by the ARIADNE group.The lens design was based on the following constraints; dimensions of the intensifier, the size of the photocathode, the height above the LRP the lens will sit and the desired field-of-view. The final lens used in the setup is 5 mm in diameter, 11 mm focal length and operated at a speed of f/3. The Timepix3 coupled to a VUV sensitive light intensifier had a calculated field-of-view 0.8 m × 0.8 m.
2.2.3 Light readout plane (LRP)
The LRP is the first key component in the ARIADNE+ readout chain, responsible for the conversion of the ionised electron signal, extracted from the liquid phase, into secondary scintillation light for detection. There are a number of elements to a successful large-scale dual-phase TPC readout: strict tolerance on flatness to ensure a consistent extraction region, good control over the liquid level, modularity for ease of scalability and good understanding of behaviour of the structure in cryogenic conditions to maintain the flatness and the liquid gap.
The LRP consists of the extraction grids, glass-THGEMs and Wavelength Shifting (WLS) polyethylene naphthalate (PEN) layer which are all fixed at well-defined positions within the structure. Figure 6 shows the LRP support frame and a cross-section of the structure.
[image: Industrial setup with a grid-like metal structure featuring evenly spaced additional elements. Adjacent to it is a labeled cross-sectional diagram showing components: Invar Support Structure, Wavelength Shifting Glass, PEEK Supports, Glass THGEM, and an Extraction Grid.]FIGURE 6 | (Left) The invar support frame at CERN. (Right) A CAD model of the LRP cross-section.2.2.4 Invar support frame
The support frame is designed to keep the three layers of the LRP at the correct distance from each other as the structure cools to cryogenic temperatures (LAr is −185 °C). In addition, the structure minimises the stress on the glass as the structure cools.
In order to minimise the stress on the glass components, the coefficients of thermal expansion (α) are as closely matched as possible between that of the glass and the support structure. For the Borofloat 33 THGEMs, α is given as 3.25 × 10−6 m/m °C (Schott, 2024). In comparison, 316 Stainless Steel has a thermal expansion coefficient of 1.6 × 10−5 m/m °C which, given the large temperature change down to −185 °C, has the potential to apply large differential movement to the Borofloat33 components. Invar, on the other hand, an alloy comprised of 64% Iron and 36% Nickel (Efinea Metals, 2024), has a uniquely low coefficient of thermal expansion of 1.2 × 10−6 m/m °C. Therefore, as Invar cools to cryogenic temperatures, the Borofloat 33 THGEMs are subject to less differential movement minimising any resulting stress. A stainless steel frame would contract more than the Borofloat 33 THGEMs, and risk causing excess stress around the edges of the THGEMs.
The frame itself is constructed out of 22 individual Invar parts, waterjet-cut from larger blanks. The blanks were all machined to a thickness of 6.0±0.2 before being sent for waterjet-cutting. Once cut, the individual pieces were then sent to Durham Sheet Metal Works (Metal, 2025) for fabrication. The welding was performed on a large surface plate with focus on ensuring the flatness of the final fabricated LRP structure. A technical drawing of the LRP is shown in Figure 7.
[image: Three views of a square grid structure. The top view shows a 2300-unit square with thick borders and smaller inner squares. A side view indicates a height of 180 units and a thickness of 6 units. The isometric view displays the 3D arrangement of the grid's frame and internal supports.]FIGURE 7 | Technical drawing of the Invar support frame showing the dimensions of the frame.To secure the layers of the LRP into the support structure, a set of PEEK pieces are fastened into holes cut into the frame. The Invar frame consists of 16 segments, within each of these segments the PEEK pieces alternate between those which support the extraction grid and those that secure in place the THGEMs and WLS layers.
2.2.5 Extraction grid
For ARIADNE+, the extraction grid was formed using chemically-etched, 0.15 mm thick, stainless steel sheets which are modular in design. Each of the mesh components were tensioned individually with multiple points of attachment to the support frame. The finished extraction grid can be seen in Figure 8. In addition, the distance from the grid to the THGEM was increased from ProtoDUNE-DP’s 10 mm (Chardonnet, 2020) to 15 mm to minimise sensitivity to the effects of any potential disturbance at the liquid surface.
[image: A grid structure divided into four colored sections, numbered one to four, labeled as two meters wide. Left image shows a square grid with green, pink, blue, and yellow sections. Right image shows the underside of the grid with a mesh covering, supported by a visible frame.]FIGURE 8 | (Left) The THGEM connections that form the four quadrants. (Right) The modular extraction grid.For the entire ARIADNE+ run, the extraction grid was maintained at -6 kV with no observed instabilities/sparking issues.
2.2.6 Glass-THGEMs
The ARIADNE+ LRP consists of 16 Borofloat 33 THGEMs which are produced using a masked, abrasive machining process (developed by the ARIADNE group). Further details on this novel manufacturing process, and results of prototype testing can be found in (Lowe et al., 2021). The abrasive process produces biconical shaped through-holes which provide a larger surface area on which electrons can accumulate compared to traditional straight through-holes produced in FR4-based THGEMs. This in turn increases the electric field within these holes without increasing the applied bias, therefore resulting in larger gain-factors and light production. All of the glass-THGEMs produced so far within ARIADNE use a conducting Indium Tin Oxide (ITO) coating as the electrodes. ITO was chosen as it is readily commercially available and inexpensive. In addition, the resistive nature of ITO may reduce the size of discharges, when they occur, by limiting the current flow. For ARIADNE THGEMs, approximately 150 Ω/Sq of ITO is coated on either side of the glass before machining.
The THGEMs were electrically interconnected using copper tabs that link groups of four THGEMs together. Each THGEM had one top connection and one bottom connection to the adjacent THGEM in each group of four. This arrangement can be seen in Figure 8.
2.2.7 Wavelength shifting layer
ARIADNE+ used twelve 50 cm × 50 cm, 1.1 mm thick sheets of glass with a layer of PEN film glued to one side using a thin layer of optical adhesive. This WLS layer was mounted 1 mm above the top-side of the THGEM, with the PEN face towards the THGEM.
Given the close match between the emission spectra for PEN and tetraphenyl-butadiene (TPB) wavelength shifters (discussed in detail within (Kuźniak et al., 2019)), the group has investigated various grades of PEN for use within ARIADNE+. Although the TPB conversion efficiency is better than PEN, there are a number of complexities associated with TPB coatings. TPB comes in a powder and in order to coat an object the powder must be heated in a vacuum evaporation chamber along with the object to be coated; this puts limits on the size of the object being coated. In addition, exposure to ambient light reduces the effectiveness of the TPB over time, which brings additional construction and operational challenges. PEN, on the other hand, is a commercially-available product which can be purchased in rolls or films of various thicknesses and grades - this can be glued to a surface using optically-transparent adhesive. For ARIADNE+, given the manufacturing benefits of using PEN for WLS and complexities with TPB applications, the decision was made to use PEN for the WLS layer.
Testing of different grades and thicknesses of PEN, in order to decide which one to use within ARIADNE+, was carried out at Liverpool using the 40L demonstrator vessel (Mavrokoridis et al., 2014). The summed light intensity (measured in Analogue-to-Digital Units) was plotted for five increasing THGEM biases and can be seen in Figure 9. THGEM behaviour is modelled using a convoluted linear-exponential function as seen in Equation 1.
S=p0x1+p1eP2x+p3(1)
[image: Line graph titled "PEN Comparisons" showing summed intensity (dI/ADU) against THGEM Bias (V/mm). Five lines represent different measurements: Q51 12um (red), Q51 75um (blue), Q53 25um (green), Q53 50um (purple), and Q53 125um (yellow). Each line curves upwards, showing an increase in intensity with higher bias levels, with error bars indicating variability.]FIGURE 9 | This figure shows a selection of the summed intensity of light, using an alpha source, for different grades and thicknesses of PEN film in tests conducted at Liverpool using the 40L demonstrator vessel. This figure was taken from (Philippou, 2022).The largest summed intensity came from the Q51 12 μm film. However, the 12 μm thickness is susceptible to tearing when applied to glass. The next thickness of Q51 available, 75 μm, was found to have a slight reduction in summed intensity but the increase in thickness made it possible to reproduce coated glass panels successfully. This made Q51, 75 μm PEN film the thickness and grade of choice for WLS in ARIADNE+.
2.3 Cathode and ARAPUCAS
The “cold box” cathode is a wire-mesh frame supported by a combination of stainless steel and PTFE, which is connected to a power supply capable of up to −30 kV. Embedded within the cathode are a combination of X-ARAPUCAS and ARAPUCA cells (Machado and Segreto, 2016), which are novelly powered over fibre (Arroyave et al., 2024). ARAPUCAS are the photocells chosen for the first two DUNE modules after their successful runs in both ProtoDUNEs.
2.4 Detector commissioning and operation
Once constructed, the LRP was suspended from the roof of the “cold box” via four stainless steel cables, the height of which can be individually adjusted using four cranks on the lid of the cryostat. In Figure 10, the cables for suspending the LRP underneath the lid are shown. The second image shows the LRP secured under the roof before it was lifted on top of the “cold box”. It was then secured on top of the “cold box” vessel before argon-flushing to remove the trapped impurities. Once this was complete, filling with LAr commenced.
[image: Two-panel image showing large metal structures in an industrial setting. The left panel displays the underside of a metallic component with circular fixtures and cables. The right panel shows a similar structure suspended by wires from a ceiling, highlighting its rectangular shape and layered design. Both images feature industrial equipment and metal frameworks surrounding the structures.]FIGURE 10 | (Left) The roof of the “cold box” with the four camera penetrations in the centre and surrounding those the four lifting hooks that the LRP is suspended from. (Right) Lifting the roof with the LRP attached on the bottom side into the trench where the cryostat is located.The purified LAr was fed from ProtoDUNE-DP into the “cold box”. This liquid comes filtered by the CERN cryogenic facility and purity is monitored using a Si-PM, mounted on the side of the “cold box”. The purity was continuously monitored and the electron lifetime maintained at approximately 0.5 ms. When the purity dropped below this value the vessel was emptied and refilled - this was done twice during the initial 3 weeks of running.
2.4.1 LRP levelling
For efficient dual-phase operation of the detector, it was necessary to maintain the liquid level at approximately halfway between the extraction grid and THGEM in the 15 mm gap. In order to achieve this, the LRP has a PT100 temperature sensor and a capacitance level meter at each corner as shown in Figure 11. The PT100s are positioned in line with the extraction grid and are crucial for ensuring the LRP was level before lowering the structure.
[image: A split image showing two panels. The left panel displays a capacitive level meter with labeled components: extraction grid, PT100 temperature sensor, and wiring details. The right panel shows a camera view labeled "NP04-CAM-003," depicting equipment with visible cables and a highlighted area with a circled component.]FIGURE 11 | (Left) The liquid argon level sensing at each corner of the LRP. (Right) View of the inside of the “cold box”, during filling, with one corner PT100 and level sensor circled. The red cable visible is the high voltage supply for the extraction grid.Once the first PT100 was reading LAr temperature, it was then known that the liquid has reached the level of the extraction grid at that position. The filling was then stopped and it was now important to ensure that the LRP is level to the liquid surface. At this stage, the height of the LRP was controlled by hand cranks. By using these hand cranks, the height was adjusted at each corner of the LRP so that all PT100s are measuring liquid temperature. Monitoring was then switched to a combination of the webcam installed in the “cold box”, also seen in Figure 11, and the capacitance level meters (part of the slow control system provided by CERN). The main use of the capacitance meters is for ensuring that all four sides are being lowered at the same rate (relative distance measurement was performed).
2.4.2 TPC biasing
With the cathode voltage set at −15 kV and the extraction grid biased to −6kV, the THGEMs were then biased (typically −2.7 kV). After initially biasing the THGEMs, it was found that grounding the top of the THGEMs and adjusting the bias on the bottom of each quadrant was best for achieving the highest stable THGEM potential.
3 RESULTS
Data collection for the first ARIADNE+ run consisted of 3 weeks of cosmic data. The analysis presented here utilises data collected from one visible light camera and one VUV light sensitive camera.
3.1 Gallery of events
Presented in Figure 12 are a selection of events from two quadrants of the ARIADNE+ detector, imaged with a visible light and VUV light camera. For the visible light setup, it was determined that each pixel was imaging approximately 4 mm of the THGEM plane. For the VUV sensitive light setup, using the calculated FoV, each pixel is imaging approximately 3.125 mm of the THGEM plane. Due to the short electron drift length of the detector the tracks are approximately 20 cm.
[image: Two 3D scatter plots compare event data. The left plot shows Event 396 with 698 hits, displaying points along a vertical axis, colored from dark to light based on values. The right plot shows Event 340503 with 1,158 hits, similarly structured but with denser clustering. Both plots have axes labeled in millimeters, with a shared color bar scale indicating value intensity.]FIGURE 12 | (Left) Visible light cosmic muon event. (Right) VUV light cosmic muon event. The difference in the track appearance is explained by the difference in response (MCP gain, phosphor screen brightness) between the visible and VUV intensifiers.3.2 Cosmic muon analysis
For the visible and VUV quadrant of the detector, a number of analyses were conducted, the results of which can be seen in Figures 13, 14. A heat map was first produced from 30 s of raw hits. In both heat maps the Invar frame is visible, illustrating the amount of light produced in a short frame of time as well as verifying the field-of-view. The FoV for the visible light intensifier setup was determined to be approximately 1.1 m × 1.1 m, determined using the known dimensions of the Invar frame visible in the image. For the VUV light sensitive imaging setup, edges of the Invar frame are not visible, but the FoV was calculated as approximately 0.8 m × 0.8 m using the known magnesium fluoride lens characteristics. A THGEM bias scan for both quadrants is also presented in this figure.
[image: Two upper heatmaps show pixel hit distributions for visible light and VUV light on a 256x256 grid, highlighting density variations. Two lower graphs depict hit rates versus THGEM bias in volts, both showing exponential curves with visible light ranging from 1000 to 2750 volts and VUV light from 2000 to 2700 volts.]FIGURE 13 | (Top Left) 30 s heat map of one visible quadrant of ARIADNE+. (Top Right) 30 s heat map of the VUV quadrant. (Bottom Left) Visible light THGEM bias scan. (Bottom Right) VUV light THGEM bias scan.[image: Two graphs are displayed. The left graph shows a histogram of frequency versus \( \Delta X \) in centimeters, ranging from 19 to 25, with a generally increasing trend. The right graph depicts a histogram of frequency versus \( \frac{dI}{dX} \) in ADU per cm, with data following a bell-shaped curve overlaid with a red line representing a Landau-Gaussian fit. The fit statistics include MPV: 206.26 ± 0.05, Eta: 13.23 ± 0.07, Sigma: 20.9 ± 0.1, and Const: 335.1 ± 0.4.]FIGURE 14 | (Left) The dX distribution used for calibration of the visible intensifier setup. (Right) The dI/dX distribution from which the calibration is derived.Finally, by using a selection of clustered through-going muon events (those that traverse the majority of the drift region), it is possible to obtain a calibration for the detector. Clustered events are groups of hits that fall within limits set by the user based on pixel separation in X,Y and ToA. Each event’s measured light intensity (dI) is divided by it’s length (dX) in order to produce a dI/dX distribution as seen in Figure 14. This analysis was not conducted using the VUV data due to the heavy vignetting present; future work will look at correcting this effect and exploring the switch from refractive to reflective optics.
The Most-Probable-Value (MPV) of the Landau-Gaussian fit applied to the data (as seen in Figure 14) can be equated to the known deposition rate for cosmic muons in liquid argon (2.12 MeV/cm) to determine a calibration. For the visible light intensifier data, the Analogue-to-Digital Unit (ADU) per MeV is determined to be (100.15±0.05) (stat.). In order to calculate the energy resolution of the dataset, the widths of the Landau (η) and Gaussian (σ) fits are added in quadrature and expressed as a fraction of the MPV; the Gaussian component is used to represent variations in the detector response. The energy resolution is given by Equation 2.
Energy Resolution %=η2+σ2MPV∗100(2)
Using the fits seen in Figure 14, the energy resolution was calculated to be approximately 11.5%.
4 DISCUSSION
This paper provides a comprehensive overview of the ARIADNE+ experiment conducted at the CERN Neutrino Platform, highlighting its successful operation and key results. Optical readout offers high resolution data collection that is completely decoupled from the internal TPC electronics. Timepix3 cameras have native 3D readout with data-driven readout as standard which provides zero suppression. Through the use of optics, a spatial resolution at the millimetre level has been demonstrated with 1.6ns timing resolution.
The ARIADNE+ LRP comprises the largest glass-THGEM array constructed to date with an active area of 2 m × 2 m. These glass-THGEMs are manufactured via an abrasive machining process which produces biconical shaped holes, benefiting the overall light output. Discussed was the reasoning behind the choice of Invar for the LRP support frame and the decision to use PEN film for wavelength shifting instead of the conventional TPB used in detectors of this type. A chemically etched, modular extraction grid was installed with each sheet being tensioned individually. The grid was maintained at a constant -6 kV during operation with no observed discharge issues.
By collecting cosmic muon data, the FoV for the cameras (1.1 m × 1.1 m for the visible intensifier setup and 0.8 m×0.8 m for the VUV sensitive setup) was verified and an energy calibration was preformed using the visible light intensifier data. ARIADNE+ saw, for the first time in a detector of this type, imaging and tracking using pure VUV light. The image obtained with the MgF2 lens shows strong evidence of vignetting and further study in the future into the design of the VUV optics will be required. Furthermore, a detailed simulation of the optical system can aid with the correction to the vignetting. Nevertheless, these results demonstrate the potential of such technology when utilised in such a way.
Planning is currently taking place for the next test of this technology on an even larger scale relevant for DUNE. This would see the ProtoDUNE NP-02 cryostat instrumented with an 6 m × 3 m active area optical readout with a combination of Timepix3/Timepix4 cameras and high sensitivity photodetectors. Each LRP is planned to be approximately the same dimensions as the DUNE CRPs meaning integration into a DUNE module will be similar to that of the CRPs.
The ARIADNE project has demonstrated the scalability of this high resolution, ultra-fast optical readout. The ability to image large areas of the detector with very few cameras makes this a cost-effective readout method without sacrificing physics capabilities. The number of cameras required to instrument a DUNE far-detector will depend on the desired spatial resolution for each camera. For example, 320 Timepix4 cameras will be able to image the 60 m × 12 m far-detector surface area with 3 mm/pixel resolution. ARIADNE technology is now considered an option for use within the remaining two far detectors as part of DUNE Phase-II (Abed Abud et al., 2024).
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