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[bookmark: _Toc183619941]EXECUTIVE SUMMARY
[bookmark: _Toc405445535][bookmark: _Toc202146549]The Quite Intense Kinetics Reflectometer (QIKR) will be a general-purpose, horizontal-sample-surface neutron reflectometer.  Reflectometers measure the proportion of an incident probe beam reflected from a surface as a function of wavevector (momentum) transfer to infer the distribution and composition of matter near an interface.  The unique scattering properties of the neutron make this technique especially useful in the study of soft matter, biomaterials, energy storage, and magnetic materials.  Exploiting the increased brilliance of the Spallation Neutron Source (SNS) Second Target Station (STS), QIKR will collect specular and off-specular reflectivity data faster than the best existing such machines.  It will often be possible to collect complete specular reflectivity curves using a single instrument setting, enabling “cinematic” operation, wherein the user turns on the instrument and “films” the sample.  Samples in time-dependent environments (e.g., temperature, electrochemical, magnetic, or undergoing chemical alteration) will be observed in real time, in favorable cases with frame rates as fast as 1 Hz.  Cinematic data acquisition promises to make time-dependent measurements routine, with time resolution specified during post-experiment data analysis.  This capability will be deployed to observe such processes as in situ polymer diffusion, battery electrode charge-discharge cycles, magnetic and other hysteresis loops, and membrane protein insertion into lipid layers.

The QIKR detector at STS will need to handle increased count rates over broader wavelength bands than detectors for comparable instruments at FTS. The number of neutrons incident on the sample can be calculated if one knows the brightness of the moderator and the efficiency of the neutron transport system (e.g., guides).  Based on Monte Carlo simulation (McStas), QIKR is expected to illuminate samples with neutron beams of up to 109 n sec-1 instantaneous intensity to measure neutron specular reflectivities below 10-7.  Specular reflectivity is determined, simply, by dividing specularly reflected intensity IR by direct beam intensity ID – QIKR must measure those two intensities. While ideally, the detector a detector counting at GHz rates should be used, this is unrealistic. The proposed detector addresses this problem by both raising the counting rate over other detector technologies as well as enables a method of handling the full beam with no attenuation. 

Current neutron reflectometry detectors are limited in performance. Several R&D efforts at various neutron scattering centers around the world have made progress in gaining incremental improvements in detector technology to address these limitations. In most cases, however, attainable improvements are limited, while the complexity of these R&D detectors poses a barrier to their commercialization. The LumaCam detector technology has been proposed as the detector choice for QIKR. While new, it is a detector based on commercial components. It has seen rapid acceptance in the neutron imaging community and has now been further demonstrated in neutron scattering methods. 

A reflectometry test has been performed at the ASTERIX instrument at LANL. It has demonstrated that the LumaCam can easily surpass current state-of-the-art and meet the minimum requirements for QIKR. It has also been demonstrated that it has several avenues of improvement that can be leveraged to fully utilize the performance potential of QIKR. These include improvements to the image intensifier, development of new scintillators as well as the use of the upcoming Timepix4, and future, ASICs. 

Each of the components can be upgraded or replaced independently making the technology highly future-proof in comparison to more conventional detectors. The LumaCam can already be purchased as a commercial product, however, customization and specialized features need to be developed for QIKR. A plan for R&D that meets this instrument-specific development has been developed. A design of the LumaCam to be used on QIKR is proposed to include a dual camera system which will cover the full range of rate conditions and instrument science cases. A reliable and future-proof acquisition strategy has been developed. 

[bookmark: _Toc183619942]QIKR DETECTOR REQUIREMENTS 

0. [bookmark: _Toc183619943]QIKR REFLECTOMETER OVERVIEW 
QIKR will consist of two independently operable end stations (Fig. 1).  The lower end station (QIKR-L), featuring a downward-directed beam, can perform free liquid measurements (e.g., Langmuir trough and upper-subphase-incident liquid/liquid).  The upper end station (QIKR-U) is intended specifically for liquid/liquid reflectivity measurements with the lower subphase serving as the incident medium and rheometry in which shear is applied from above.  Either station will be able to handle bulky, massive, or delicate sample environments that are best not tilted.  The vertical angle of the incident beam is only determinative for experiments performed in the θ-θ geometry, where the sample cannot be tilted.  Both stations will be outfitted with sample and detector positioning systems to enable experiments in the θ-2θ scattering geometry as well.
To provide sufficient space in the independent instrument caves, QIKR-U will be longer than QIKR-L.  Independent neutron optical systems will view the same coupled H2 cylindrical moderator with a peak flux at 2.5 Å.  
[image: A picture containing text
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Figure 1: Oblique side view of the QIKR lower (QIKR-L) and upper (QIKR-U) end stations and guide paths.  The stations will be physically separated and operated independently.

0. [bookmark: _Toc183619944]QIKR DETECTOR REQUIREMENTS 
The QIKR detectors at STS will need to handle increased count rates over broader wavelength bands than at FTS.  The number of neutrons incident on the sample can be calculated if one knows the brightness of the moderator.  Moderator brightness may be estimated using Monte Carlo methods (MCNPX) [Gallmeier 2016] and broadly follows the blackbody emission of an object at the temperature of the moderator.  Neutron intensity on sample may be written [Zhao 2013]:

	
	
	(J1)


	
where  is neutron wavelength,  source brightness, ,  and ,  are the position and angular divergence coordinates, respectively, of a neutron incident on the sample.  The acceptance function  comprises the coordinates of neutrons emitted by the moderator capable of striking the sample.  We have simulated the direct-beam count rate expected at the sample using Monte Carlo methods (McStas code) and show in Fig 2 anticipated maximum and typical instantaneous count rates as a function of wavelength.  Peak rates of 108-109 Hz are expected. 
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Figure 2. Typical (green) and maximum expected instantaneous count rates on QIKR-L.

0. [bookmark: _Toc183619945]DETECTOR TECHNOLOG CHOICE CONSIDERATIONS 
Current neutron reflectometers struggle with detector limitations. The main measurement challenges are:
· Measurement of direct beam
· Spatial focusing of counts
· Dynamic range in count rate
For a detector, this translates into abilities to 
· Handle high count rates locally with low spatial crosstalk
· Low background sensitivity
Most current reflectometers still use 3He detectors. While these are the best option for background sensitivity, they are fundamentally limited in counting rate capability. The required position sensitivity is also at the edge of the best position resolution achievable in 3He. Due to this limitation, several R&D projects have been pursuing different technologies which would raise the count rate capability for reflectometry. Most approaches, however, rely on incremental improvements in existing counter-style neutron detectors. Therefore, the ultimately achievable rate is limited. 

Two notable developments include Wavelength-Shifting Fiber (WLSF) detectors and Multi-Blade. WLSF detectors readout scintillator panels using x-y grids of fibers. This enables good granularity, however, requires measuring scintillator pulse afterglow for some time in order to perform Pulse Shape Discrimination (required for scintillators in order to reach acceptable signal-to-noise). Consequently, there is a dead time associated with each neutron event which affects several fibers in each direction. This limits the achievable local rates.

Multi-Blade detectors use inclined 10B layers readout with Multi-Wire Proportional Chamber (MWPC) principle. This is essentially the technology used in 3He detectors at reflectometers (such as those manufactured at BNL, or Denex). The small angle of incidence spreads the count rate over a larger area, which lowers the real spatial density of events, thus allowing an increased local count rate. An additional benefit is a reduced gas gain. Optimal readout that takes full advantage of these parameters enables x10 to x50 increase in rate. This, however, is unlikely to increase further. Similar arguments can be made with respect to Anger camera, which additionally suffers from poor tolerance to direct beam. 

A further drawback to the above emerging detector technologies is the specialized unique design. WLSF detectors are only produced at ISIS and J-PARC for their own instruments. The POWGEN instrument at SNS was equipped by the SNS detector group with WLSF detectors, however, these were optimized for area, rather than count rate. A further R&D effort would be required to develop a reflectometry detector. Multi-Blade has only been built by the ESS as a result of a decade-long R&D effort. It requires specialized 10B coating facilities and ASIC-based readout as well as highly specialized mechanical expertise.  

The LumaCam Technology avoids these drawbacks. While currently only marketed by one source (with 2 companies involved), the components are sufficiently generic that would allow substitution. The TPX3Cam is currently a single source product, however, it is used in multiple particle detection fields and is therefore a stable market niche. Image intensifiers, scintillators and lenses are all commercially available from more than one source. The community using LumaCams is already larger than of the other non-3He detectors which can be considered for reflectometry. 


[bookmark: _Toc183619946]THE LUMACAM DETECTOR 
0. [bookmark: _Toc183619947]THE DETECTION PRNCIPLE 
The main components of the detector are scintillator, lens, image intensifier and a Timepix camera. Several detection settings can be adjusted. The optical lens is focused using a translation stage and the focus ring. A second lens is located at the output of the image intensifier (typically integrated into the intensifier) and relays the intensified light to the Timepix3 ASIC. The image intensifier uses dual Micro-Channel Plates, MCPs, in a chevron configuration to amplify the electron signal from the photo cathode at the input and to stimulate emission from a phosphor at the output. The MCP gain can be adjusted to optimally balance efficiency and background rejection. In each neutron event, multiple sensor pixels are activated for each event. As the first stage of the reconstruction algorithm, clusters belonging to individual photons are determined. The position of each photon is calculated using a center-of-mass algorithm. As a second step, photons that were likely emitted as a result of the same neutron capture are identified. At this stage, the characteristic signatures of neutron conversion events can be identified and discriminated from those corresponding to other types of events. An example of this is the discrimination between neutrons and gamma-rays relying on well-known pulse-shape discrimination, PSD, methods [mauri 2022, Sykora 2012]. The achievable position resolution exceeds the physical sensor pixelation by as much as a factor of 10. The details of the data reconstruction have been published previously [Losko 2021] and will be built upon in forthcoming publications. 
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Figure 3. Left: LumaCam detector and its principle illustrated. Right: Neutron Identification by clustering photon hits. 

It should be noted that more light detected in the sensor does not necessarily equate to a better performance. Excessively raising the MCP gain degrades the response of the intensifier and makes it less linear with incoming photon rate. Additionally, more light leads to more Timepix3 pixels triggered for every neutron, and since the maximum throughput of the readout is currently limited to 80 million hits per second [Fjordh 2015], minimizing the number of photons to the smallest number that still enables pulse shape discrimination is desirable. The highest neutron rate can be achieved by reducing the average number of photons detected to just 1 per neutron. Operating at such a low gain effectively sets a very high threshold which can reject majority of background. While this comes at a cost to detection efficiency, such a trade-off may be reasonable when the full flux is beyond the detector capability in either setting. A low efficiency setting with high throughput may allow more counts to be collected than in a high-efficiency low-throughput setting. Note, however, that pulse shape discrimination methods cannot be applied when single photons are interpreted as neutrons. There is also an impact on detector resolution as no centroiding can be performed if only one photon is available. Therefore, the use of such settings must be carefully considered depending on the measurement situation.  

Using a short telephoto lens with an 85mm focal length, the field of view was set to 55x55mm2 in the current detector. This is sufficient for measuring specular reflectivity from modestly-sized samples; however, a larger field of view would be necessary to capture off-specular phenomena. A field of view of 110x110mm2 can be achieved by switching to a 50mm lens and translating the camera about 30mm back. Field of view can be tailored to specific experiments by adjusting the optical arrangement. A 120x120mm2 ZnS:Ag:6LiF scintillator with thickness of 200 um was used. Since the shortest wavelength at ASTERIX was 4 Å, this thickness offered sufficient efficiency, while limiting the depth of interaction of neutron and thus reducing the spread of light collection efficiency, due to the spread in light emission and the opaque nature of the scintillator.
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Figure 4. Temporal structure of the events in ZnS:Ag:6LiF.


0.3.1 [bookmark: _Toc183619948]Detector Characterization 
Efficiency of the LumaCam is highly dependent on the exact configuration used, including the scintillator choice and the choice of the Field-of-View and light collection parameters. In a high-efficiency configuration, such as may be used for moderate rate measurements with high signal-to-noise, the efficiency has been measured at CG-1A at HFIR. A fixed beam of with several attenuation settings was used to ensure no impact of dead time in the reference 3He tube. This measurement resulted in approximately 55% efficiency at 4.2Å. A relatively thick scintillator of 500um ZnS was used. Since by default, the scintillator operates in transmission mode, i.e. the rear face of the scintillator is observed by the detector, a higher value of the efficiency can be obtained if the entire setup is reversed, with the beam impinging the scintillator through the mirror. Approximately 10-15% additional efficiency can be gained in this way. Another reasonable option is to use a thinner scintillator where the effect of scintillator attenuation will be lower meaning that the above efficiency gain would present for both directions of illumination. The drawback is a faster drop-off of efficiency at short wavelength. 

Pulse shape discrimination, PSD is a crucial method for improving gamma-ray rejection in scintillators. ZnS is particularly well suited for PSD, however, other options, such as ZnO and LiI:Ce may profide acceptable alternatives. Figure 5 shows PSD with ZnS for signals from gammas, neutrons and direct particle hits in the Timepix sensor. The contributions are clearly very well separated.

Both efficiency and PSD performance demonstrated good agreement with the ISIS detector group’s leading work on ZnS scintillators readout by wavelength-shifting fiber grids. These detectors use photon counting similarly to the LumaCam, however, sample larger areas of the scintillator thus limiting the rate capability. 
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Figure 5. Pulse Shape Discrimination with ZnS:Ag:6LiF.

0. [bookmark: _Toc183619949]APPLICATIONS OF LUMACAM IN NEUTRON SCATTERING 
The LumaCam has been used in a variety of neutron imaging experiments, and it has now also been demonstrated in several neutron scattering modalities. The reflectometry demonstration will be presented in detail below. Other notable tests included powder diffraction, grain mapping, and SEMSANS. 
0.4.1 [bookmark: _Toc183619950]Imaging Applications 
The Timepix sensor operates in full event-driven mode and is not restricted to a fixed frame rate as other camera technologies. The combination of high spatial and temporal resolution makes the Timepix-based readout well-suited for Bragg-edge imaging where a Bragg absorption spectrum can be measured as a function of position. Indeed, the temporal resolution of the Timepix sensor is sufficiently high for accurately measuring ToF of fast and epithermal neutrons, which enables resonance imaging [Wolfertz 2024].
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Figure 6. Left Image of a line mask resolving line pairs at 100um line spacing (cropped image). Center: Image of a brass Astrolabe. Right: Image of a copper nugget.
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Figure 7. Left: Bragg Edge imaging of iron powder. Right: Resonance imaging of graphite.

0.4.2 [bookmark: _Toc183619951]Diffraction Applications 
In neutron scattering, several diffraction experiments have been successfully performed. Figure. 8 shows a simultaneous measurement of a grainy sample in both transmission imaging as well as in diffraction [Jäger 2024]. Here, it is possible to see both grains imaged in transmission as well as the diffraction peaks originating from the grains. The event-driven readout allows in this modality to reconstruct both where the neutrons scattered as well as towards where they scattered, enabling new and exciting possibilities for grain mapping. 
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Figure 8. Left: Transmission and diffraction setup for grain mapping at HIPPO, LANL. Right: Principle f the simultaneous detection.
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Figure 9. Left: White beam image of the sample. Center: Monochromatic image. Right: Diffraction pattern at the same wavelength.

0.4.3 [bookmark: _Toc183619952]SEMSANS Application 
A version of the LumaCam has also been used successfully in SEMSANS [Funama 2024]. In this technique, structures on a larger length scale than would be possible in regular SANS can be measured. In order to do so, a detector needs to measure inside the footprint of the direct beam. Using a spatially-encoded beam, the sample scattering at extremely small angles can be measured as blurring of the encoding pattern. To reach sufficient sensitivity, less than 200um spatial resolution is required. This was achieved using a detector based on the LumaCam principle. While this pilot experiment was limited in flux and did not challenge the detector, future scattering instruments, such as STS CENTAUR, will be great candidates to utilize the LumaCam as an in-beam detector for SEMSANS. 
0.4.4 [bookmark: _Toc183619953]Direct Beam Characterization 
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Figure 10. Beam Imaging performed at SNS SNAP. Beam imaged through a pinhole in order to characterize the focusing guide section.


0. [bookmark: _Toc183619954]LUMACAM TEST AT ASTERIX 
The reflectometry performance of the new detector was evaluated at the ASTERIX reflectometer at LUJAN Center at Los Alamos National Laboratory (LANL). The beamline is equipped with an ORDELA 1202N 1-D position-sensitive 3He detector [Dubey 2011, Kopp 1982]. The detector is filled with a mixture of 3He and CF4 with a partial pressure of 3.6 mbar of 3He. For the measurements with the LumaCam, the 3He detector was uninstalled and the LumaCam was set up in its position, see figure \ref{fig:installed}. The final sample-to-detector distance was measured as a difference to the known 3He detector distance. The detector arm moved the LumaCam in the same arch, centered on the sample position, where the 3He detector normally moves, making the measurements directly comparable.
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Figure 11. LumaCam installed at AsTERIX

Using a short telephoto lens with an 85mm focal length, the field of view was set to 55x55mm2 in the current detector. This is sufficient for measuring specular reflectivity from modestly-sized samples; however, a larger field of view would be necessary to capture off-specular phenomena. A field of view of 110x110mm2 can be achieved by switching to a 50mm lens and translating the camera about 30mm back. Field of view can be tailored to specific experiments by adjusting the optical arrangement. A 120x120mm2 ZnS:Ag:6LiF scintillator with thickness of 200 um was used. Since the shortest wavelength at ASTERIX was 4 Å, this thickness offered sufficient efficiency, while limiting the depth of interaction of neutron and thus reducing the spread of light collection efficiency, due to the spread in light emission and the opaque nature of the scintillator.

Samples of a 140nm nickel film and 46nm iridium film on quartz substrates as well as a sample of bare quartz were placed on the sample table and remained in the same positions throughout the experiment. The table could be positioned to place any of the samples in beam or to move them out of the beam entirely. The position and the intensity of the reflection from each sample measured by the LumaCam were used to align each sample with the beam as well as to determine an angle correction for each sample. The openings of the beam shaping slits were adjusted to illuminate each sample as fully as possible without over-illumination. This resulted in approximately x2.5 larger beam in case of the Ni sample, since it had a larger surface area than the other two samples, which were of the same size.

A set of 5 incident angles was chosen for Ni and 4 angles for Ir and quartz in such a way that would fully cover the Q range with substantial overlap between the angles. The largest angles ensured that the range would extend into features at large Q, which become unresolvable due to vanishing statistics.

	Samples
	Incident angle, degrees
	Exposure time, hours
	Upstream slits, h x v, mm
	Downstream slits, h x v, mm

	

Ni
	0.44
0.75
1.23
3.43
4.5
	0.5
1
2
4
4
	0.59x20
0.86x20
1.40x20
3.94 x20
5.16 x20
	0.34 x20
0.67 x20
0.94 x20
2.62 x20
3.44 x20

	
Ir and 
Quartz
	0.55
0.75
2.1
4.5
	0.5
1.5
3
6
	0.33 x20
0.86 x20
2.40 x20
5.16 x20
	0.082 x20
0.11 x20
0.32 x20
0.96 x20


Table 1. Beam settings used during the reflectometry test.

Table 1 shows the specific angles used, slit openings and measurement durations. Each direct beam measurement was repeated using a smaller optical aperture of F4 -- with 8 times lower light transmission than the F1.4 aperture used in the rest of the measurements. Smaller optical aperture allowed for reconstruction using the direct beam because of less dead time. After the LumaCam measurements were finished, the 3He detector was reinstalled, and measurement series was repeated. An exception was the direct beam, since it was known from previous experience with ASTERIX that a reliable direct beam measurement cannot be made for any but the smallest beam collimations. Therefore, only one data set was taken of the direct beam with the 3He detector using vertical slit opening equal to that used for the smallest incident angle. The horizontal slit opening was further reduced by half in order to avoid detector dead time. This data set was used to normalize all of the 3He measurements. For each measurement, counts from a beam monitor were collected, and the total charge of the proton beam on the spallation target was recorded. This information was used to normalize the measurements. It should be noted that from previous experience on ASTERIX, it was known that the beam profile is sufficiently homogeneous, so that the beam wavelength spectrum is essentially independent on the slit opening. This allows for accurate reconstruction of the beam spectrum using a much smaller slit opening than openings used for reflectivity. Such an assumption does not hold true in general, and, in particular, will be false on instruments where supermirror guides are used to transport the neutron beam. 

Approximately half a day was needed to measure each of these samples. An instrument with much higher flux and the ability to measure the entire range in a single setting, such as QIKR, would offer transformative capability to this type of neutron scattering science.

[image: ]
Figure 12. Spectra measured with the LumaCam with the Ni sample at 5 incident angles. Top: reflected beams. Center: direct beams. Bottom: Ration of the two.


Data from the LumaCam were acquired using the Serval software [Amsterdam Scientific Instruments]; raw data were saved for all measurements. As an indication, approximately 1GB of raw data were produced per day of using the LumaCam on ASTERIX. Note that this number will scale with the beam flux. The raw data files contain pixel hits including any pixels that had signal over threshold regardless of spatial and temporal distribution. In addition to pixel hits, time zero, T0, signals coincident with the source pulse were recorded as special events. Software, written specifically for the LumaCam and first used in [Losko 2021] was running in parallel to reduce the data to neutron hits and generate time-dependent images. Two data processing steps were used. The first finds clusters of typically 3-10 pixel hits within a narrow time window and identifies them as single photon hits (recall that the image intensifier produces up to a million photons for each primary scintillation photon, resulting in a cluster of pixel hits of varying intensity). The second step searches for photons that were emitted from a single neutron capture in the scintillator. Typically, for the ZnS:Ag:6LiF scintillator used, a search radius of 3 to 4 Timepix pixels and a time window up to 0.5ms were used. Events with at least 3 photons were defined as neutrons, while those with 1 or 2 photons were rejected, as these are likely to be gamma rays and scintillator afterglow. An additional pulse shape discrimination feature was enabled to reject events shorter than 5us as gamma rays, using the pulse shape discrimination feature of ZnS:Ag:6LiF [Sykora 2018, Mann 2023]. Finally, image stacks were generated for each complete run. The ToF is determined as the time since the last T0 event. Once raw data processing methods are fully developed, raw data storage, which includes every pixel activation, would be unnecessary. It will be sufficient to store only the list-mode neutron data with reconstructed positions and time-of-flight of each detected neutron.

0.5.1 [bookmark: _Toc183619955]Efficiency Adjustment 
The ability to select the lens aperture and thus change the amount of light that the detector collects is a unique feature of the LumaCam. To be clear, this is the same type of an aperture that a photographer adjusts on a system camera by turning an aperture ring on their lens or by adjusting a setting in the camera menu. In the LumaCam, typically a fully manual lens is used. Focus, aperture and focal length (in case of a zoom lens) can be adjusted on the lens while the camera enclosure is open. The adjustments can potentially be automated if flexibility from one measurement to another is desired. 

Typically, in a radiation detector, the maximum fraction of the primary signal should be collected. Any subsequent amplification stage would be chosen to obtain an output signal at a level suitable for the data acquisition system. The situation is different in a photon-counting detector. As each photon is detected individually, additional photons cost more in terms of data throughput of the sensor. ZnS:Ag:6LiF emits up to 160,000 photons per neutron (75,000 in ZnO:Zn:6LiF). Photons are emitted isotropically and from a range of depths in the scintillator. Considering the distance to the lens and the dimensions of its front element, we expect to collect about 1.5% of all photons while the aperture is fully open (F1.4 in the 85mm lens used) -- potentially up to 2400 photons. This number will be greatly reduced due to imperfect transmission of the optics (unknown magnitude), quantum efficiency of the photo cathode of the image intensifier (x0.25), non-uniform energy deposition within the scintillator grains, as well as attenuation due to the self-absorption in the scintillator. Post-intensifier, further photons may be lost due to the variations of brightness of the intensified light and other losses. In practice, we could see neutron events containing up to about 50 photons. Events with more light are rare and are likely to be pile up of multiple neutrons.  

The Timepix3 ASIC detects not just single photons, but bursts of light from the phosphor of the image intensifier. The manufacturer of the intensifier specifies photon gain of up to 800,000, which can be reduced by lowering the MCP voltage if needed. This burst triggers a cluster of several Timepix pixels. We use the cluster information to define photon interaction position with sub-pixel resolution. A typical number of pixels in a cluster is approximately 5; on the order of 10 photons on average are detected per neutron event, meaning that a typical neutron event can cause 50 pixel hits. Therefore, the system has to deal with a pixel rate that is 50 times greater than the already-challenging neutron rate. It is therefore beneficial to reduce the light collection and the image intensifier gain to the minimum value that still gives a good efficiency. It may even be beneficial to restrict the light collection beyond that. This can be done by using a smaller aperture (referred to as F-stop in photography) of the lens. Consider a neutron rate where the detector is saturated due to pile-up, resulting in inability to separate neutrons from each other. This causes serious performance degradation, which has a ToF, and thus wavelength, dependence, resulting in spectral distortion. On the other hand, by limiting the amount of light, we can select only the peaks of the brightest events affecting all parts of the spectrum equally, regardless of the instantaneous rate. Severe pile-up and afterglow may still conspire to cause overlap of some events, but the effect is expected to be far less frequent. 

It should be noted that there is an effect that can cause a minor non-linearity in the ratio of spectra from a small and a large aperture. Incoming neutrons of varied wavelength will have a slightly different average depth of interaction in the scintillator. Longer wavelengths will absorb closer to the front of the scintillator and shorter wavelengths will penetrate deeper. The latter ones will thus have an increased apparent light yield due to the proximity to the observed face of the scintillator. This effect can be minimized using a thin scintillator. A thin 200 um scintillator was used in this work. Its expected neutron absorption probability is 49% at 4 Å and 81% at 10Å. 


0.5.2 [bookmark: _Toc183619956]Data Analysis from ASTERIX 
The bulk of the analysis was performed on the Ni sample due to larger statistics and prominent features throughout the Q range. Regions of interest were defined capturing the reflection, such as shown in figure \ref{fig:tiffimage}. Background regions were selected above and below the reflection and subtracted from the reflected data. Measurements at different incident angles contribute a section of the full Q range. Each one is normalized using the direct beam measured at the same beam setting with the sample out of the beam and the detector at 0-degree position. This operation compensates for any detection efficiency variations with lambda. The measured spectra and normalization are shown in figure 12. Plotting each data set in Q scale yields a reflectivity profile shown in figure 13, where data from the 3He detector is shown for comparison. Data from the two detectors are offset in the figure for visibility, however, both qualitatively show the same features. The calculated curve using the parameters deduced from fitting the data is overlaid with the data. The data at shorter wavelength has poorer resolution than at the longer wavelength. This is an effect that is not related to detector performance, but rather to the resolution of the emission and travel times of neutrons of varying wavelength from the moderator. Figure 14 shows the data and fits from the third (1.23 degree) and fourth (3.43 degree) angle fits only. The variation of the instrument resolution with wavelength was taken into account while modeling the reflectivity. We see that the fringes are more smeared out in the large-Q (small lambda) side of the 1.23-degree curve than in the low-Q (large lambda) side of the 3.43-degree curve. Since such datasets with different resolutions cannot be directly combined, data were fitted for each range separately. This is visible in the two fitted curves in figure 14. The parameters for the fit were deduced from each LumaCam and 3He detector. These are presented in table 1. We see that both detectors produced the same fits to within statistical uncertainty. The data presented in this section used a normalization by a small direct beam for both detectors in order to minimize the effects of detector saturation.

	Detector
	Density, g/cm3
	Thickness, nm
	Roughness, nm

	3He
	8.770.02
	130.40.4
	3.60.3

	LumaCam
	8.770.02
	129.80.4
	4.00.4


Table 2. Derived Ni film parameters.

[image: ]
Figure 13. Reconstructed Reflectivity compared between LumaCam and the 3He detector and the model.

[image: ]
Figure 14. Detailed comparison between LumaCam and 3He detector for the third and fourth angles.


To test reduced light collection, the direct beam measurements were repeated using an aperture of F4. In the language of photography, this has the effect of reducing light by 3 F-stops, i.e. by a factor of 8. This setting was compared to the maximum aperture of the lens of F1.4.  Note that all reflected beams were collected using only F1.4 data. Only the much more intense direct beams are compared at the reduced aperture. Figure 15 shows the effect of saturation. The drop in the counts between 4 and 5Å is visible in the Ni4 and Ni5 F1.4 measurements. The effect is strongest for the most intense direct beams with the widest slit openings. Taking a ratio between the F1.4 and F4 reveals that the effect is present over at least half of the wavelength range. This is caused by pile-up effects which are more severe in the F1.4 data.
[image: ]
Figure 15. Comparison of the Direct beam spectra at the fluxes corresponding to the 5 angle settings and two aperture settings.

The fact that a measurement at a smaller aperture reduces efficiency in a controlled way gives us a way to obtain spectral shape of the true neutron beam while avoiding saturation effects. The effects of wavelength-dependent attenuation when using neutron absorbers is thereby avoided. Figure 16 compares the reflectivity profiles where the normalization was performed using the direct beam measurements at F1.4 vs. F4, while keeping the reflected data from the F1.4 setting with maximum detection efficiency. The direct beams have been re-scaled in such a way that compensates for the reduced efficiency at F4, preserving the spectral shape.

We can observe that the first and third LumaCam dataset corresponds closer to the model than the second just above Q=1. Recall that the second dataset, the direct beam data from the fourth angle setting is used. As we have seen in figure 15, this dataset suffers from saturation and thus deviation from linearity. On the other hand, the first and third datasets use direct beam measurements with no visible saturation. In the first case, the direct beam from a small direct beam setting and in the second case, a large beam, but measured at a lower efficiency using F4 aperture. 

It is clear that in ASTERIX, it is indeed not necessary to measure direct beams for each intensity, since the spectral shape remains the same regardless of the collimation. Therefore, the lowest beam setting used allows adequate normalization for each incident angle and beam collimation. Using the F4 measurements, we have performed the analysis of the LumaCam data in such a way that we do not rely on this convenient property of the beam. On other reflectometers, such as Liquids Reflectometer and Magnetism Reflectometer at SNS, of future QIKR at STS, this simplification would not be possible. 

[image: ]
Figure 16. Comparison of three normalization methods with the LumaCam to the 3He detector.

The maximum instantaneous rates measured can be found at the peak of the direct beam, see figure 12. Since the maximum instantaneous rate reached 2x104 n mC-1 s-1, and the total beam charge was 44 mC, the detector reached 880kHz. Considering the 1.23 degree curve, which shows negligible deviation from linear behaviour with rate and reaches 2x103 mC-1s-1, we know a rate of 88 kHz can be used with the current version of the system with no special corrections for pile-up at F1.4. Using the F4 setting, the peak instantaneous rate was 250 kHz at the fourth angle setting. Considering the arguments above, this rate can reliably be used. The direct beam F4 measurement at the 5th angle setting reached 500kHz, however, it is more difficult to make a definitive conclusion about the linearity based on the quality of the reconstructed reflectivity because it is limited by low statistics of the reflected beam.  


0.5.3 [bookmark: _Toc183619957]Prompt Pulse 
The so-called prompt pulse is a significant source of background at spallation neutron sources [DiJulio 2016, Cherkashyna 2015]. The impact of the GeV proton beam on the spallation target produces particles with energies up to the primary proton energy. While the best effort is made to moderate as many neutrons as possible and shield the rest, some fast neutrons do make it to the instrument end stations. In detector data, the prompt pulse manifests itself as a rapid spike in counts at T0 with a roughly exponential falling edge. A thermal neutron detector can be sensitive to several components of the prompt pulse: fast neutrons converting in the detector, fast neutrons generating gamma-rays at the end-station, fast neutrons moderating on various materials at the instrument end-station and becoming thermal, which in turn trigger the detector. The latter component involves slowed down neutrons and is therefore responsible for the gradual fall-off of the prompt pulse. The exact blend of these effect is difficult to determine. An analysis of the prompt pulse is further complicated by its time-focused nature which causes severe pile-up effects making individual interactions difficult to distinguish. The magnitude of the prompt pulse was large at ASTERIX. This instrument does not have features present at more modern reflectometers that help mitigate the direct radiation from the target. The SNS reflectometers, as well as future QIKR have curved guides which steer useful neutrons out of the line-of-sight of the target. Other instruments employ a T0 chopper which uses a massive rotating absorber to block high-energy particles at T0 and for a short time after. The measurement at ASTERIX, therefore, represents unusually challenging prompt pulse conditions for a neutron detector. 

A part of the prompt pulse can be seen in the ToF spectrum in figure 17, right panel. The last bin (500) of the spectrum and the first few bins are off the scale in the figure. The fall-off of the prompt pulse can be seen in bins 3 to 20. The prompt pulse appears to start at the end of the time frame because the T0 signal takes slightly longer to propagate through the electronics than the flight time of the high-energy particles from the target to the detector. Taking advantage of the 2-D position sensitivity of the LumaCam, it was possible to trace the effect of the prompt pulse to a roughly circular spot around the beam axis. It is visible in the image when measuring the reflection at a small angle, or when measuring the direct beam. This halo is only present during the few time bins, less than 1 ms corresponding to T0 and shortly after. 
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Figure 17. The ToF spectrum of the Ni reflection at 1.23 degrees.

The presence of the prompt pulse makes the coincident range of data unusable. This is true in any detector that could be used. Note the gap in the data between 9 and 10Å in figure 12. In the present setup, the prompt pulse was somewhat exacerbated since only minimal shielding could be mounted around the LumaCam, compared to the 3He detector which was encased in approximately 15cm of borated high-density polyethylene -- an efficient absorber of both fast and thermal neutrons. An additional effect that somewhat prolonged the prompt pulse in the LumaCam is the afterglow of the ZnS:Ag:6LiF, since delayed photons that follow the bright flash during T0, are often numerous enough to be misidentified as neutron events. This latter effect is expected to improve significantly with a faster scintillator, such as ZnO:Zn6LiF [Sykora 2018, Mann 2023].


0. [bookmark: _Toc183619958]LUMACAM DEVELOPMENT FOR QIKR 
The test at ASTERIX has demonstrated the viability of the LumaCam as reflectometry detector. It meets the bare minimum detector requirements and has a demonstrated potential for performance improvements that will greatly enhance the performance and take the full advantage of the available flux and neutron transport at QIKR. 

The following performance improvements are already in development or are planned.
· Scintillator development. While the ASTERIX test was performed using the will-known ZnS:AG:6LiF scintillator, new scintillators with favourable characteristics are becoming available. Of particular interest is ZnO:Zn:6LiF. This material has demonstrated lower afterglow than ZnS:Ag:6LiF, enabling higher rate capability and lower sensitivity to the prompt pulse. LiI:Eu and LiI:Ce are further promising options. 
· Image intensifier can be improved in several ways: the area of the MCP can be increased to alleviate the local count rate limitations. Relay optics can be improved to greatly increase the light collection efficiency. This will allow operating the intensifier at a significantly lower gain, further improving its rate capability. A custom intensifier has recently been developed that incorporates these improvements, it will be tested in the next stage of the detector R&D.
· The Timepix technology is continually being developed by CERN and its collaborators. Timepix4 already exists and is likely to become commercially available in 1-2 years. TPX4 will provide x10 improvement in timing, which can be leveraged for better event discrimination. TPX4 will also provide more than x10 readout rate increase and x4 area increase – both improving the rate capability as well as maximum detection area. 
· Many software improvements can be made and are already underway. This includes better event recognition and pileup discrimination as well as neutron-gamma discrimination. Further improvements are envisaged using Machine Learning methods for better pattern recognition. 

The forthcoming R&D stages will demonstrate the improvements in direct beam measurements with the above enhancements. The rate in the reflected beam can reach 1MHz and possibly more in some situations, therefore at least this rate needs to be reached. Testing primarily in direct ToF beam will enable the necessary studies. A demonstration of the best achievable direct beam measurement will also fulfill reflected beam needs.  

Of particular interest is the measurement of direct beam with no attenuation, where detector efficiency is instead lowered for the most intense measurements with the highest rates – and therefore with highest statistics. The LumaCam easily allows it. The main mechanism for efficiency adjustment is through aperture adjustment, as was demonstrated in the previous section. However, intensifier gain, neutral density filters and scintillators of smaller thickness can be also used. The ASTERIX experience has shown that lowering the light collection by x8 by using an F4.0 aperture on a lens with an F1.4 maximum aperture, enabled measuring the full beam of the instrument with acceptable deadtime (at a rate of about x100 of the maximum used with the conventional 3He detector). Unfortunately, the first ASTERIX measurement did not allow to determine the exact efficiency reduction ratio at this setting compared to maximum aperture. It will be necessary to measure this in a dedicated experiment, ideally at the same beamline in order to utilize ToF spectrum to cover the relevant wavelength band. These tests will further be combined with an improved image intensifier and alternative scintillators – ZnO:Zn:6LiF and LiI:Ce. 

0.6.1 Dual Field-of-View Detector

Further R&D will be done on customized prototypes for reflectometry. The application of efficiency adjustment needs to be demonstrated in a practical setup where the light collection efficiency is adjusted with no interruption to the beam time. Additionally, an adjustment to the field-of-view (FoV) would significantly enhance instrument performance. While the full detector area required is 200x200mm2, many experiments can be done using a smaller FoV, since only the specular reflection from a small sample needs to be measured. Reducing the FoV for these experiments, has the benefit of magnifying the image of the beam thus relatively reducing the local count rate density and reaching even better maximum event rate. An adjustment in FoV can be achieved in several ways. While the most obvious is to use a zoom lens with adjustable focal length, observing the scintillator with two lenses simultaneously has several advantages. Zooming would have a finite repeatability error. Additionally, a zoom lens will not have the large aperture of a prime lens. Even at a fixed F-number the real light collection will be different for different focal lengths. It may also have varying distortion. 

There are therefore competing requirements. On one hand, the best rate performance for direct beam and intense reflections can be reached with a small FoV. On the other hand, a larger FoV of 20x20cm is required to cover the use cases with off-specular reflectometry. Fortunately, the LumaCam can be built to perform both at the same time. Figure 18 shows a concept of the LumaCam where two cameras simultaneously image a small and a large FoV, with the small one being a subset of the larger. 
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Figure 18. Dual Field-of-View LumaCam detector.

Measuring a portion of the detection area with two cameras allows determining the exact efficiency ratio for each measurement over the entire wavelength band. This can be used to continuously cross-calibrate the detector. In this way the data will be truly continuous over the entire FoV, i.e. no stitching of non-uniform data needed. The dual FoV detector will be invaluable for both high-reflectivity specular measurements as well as for direct beams for specular or off-specular. 

An additional benefit is the built-in redundancy. In the event of malfunction of one of the cameras, the other can be used in a single FoV mode until the malfunction is addressed. 

0. [bookmark: _Toc183619959]ACQUISITION STRATEGY 
The LumaCam is a product of LoskoVision. The TPX3Cam manufactured by Amsterdam Scientific Instruments, ASI, is one of its main components. The other most complex component is an image intensifier. These are currently produced by several companies, including Photonis, Photek and Lambert Instruments. LoskoVision has recently created their own version of the intensifier specifically tailored for this application. As a complete system, LoskoVision provides the camera (currently, ASI is the distributor of the system in the US). ORNL and a number of neutron facilities, including LANL, INL, ISIS, NIST, ILL, PSI and ESS collaborate closely with LoskoVision. This has resulted in detailed shared knowledge base among these facilities on the design and software of the LumaCam. While these are proprietary to LoskoVision, sufficient knowledge exists at ORNL and its collaborators that the camera may be reproduced in the event of closure of LoskoVision. While there is no current indication that this is likely, the owner of LoscoVision has agreed to supply sufficient data as a part of the LumaCam R&D effort for the QIKR detector, so that ORNL will be licensed and able to build the QIKR LumaCam in the absence of LoskoVision. This situation is likely to increase the production cost, due to additional design effort that would be required. This means that the longevity of LoskoVision does not present a technological risk, but rather an acceptable cost risk. 

A design of the LumaCam with features required for QIKR will be created as a part of the STS detector R&D. This will include detector customization and features that meet the QIKR detector requirements, including those yet to be defined. LoskoVision will provide a design that can be incorporated into the QIKR instrument design. The source design and will be provided as a part of the contract as will an agreement to open the source code of the data acquisition software. 
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