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ABsTRACT: LiquidO is an innovative radiation detector concept. The core idea is to exploit stochastic
light confinement in a highly scattering medium to self-segment the detector volume. In this paper, we
demonstrate event-by-event muon tracking in a LiquidO opaque scintillator detector prototype. The
detector consists of a 30 mm cubic scintillator volume instrumented with 64 wavelength-shifting fibres
arranged in an 8 X 8§ grid with a 3.2 mm pitch and read out by silicon photomultipliers. A wax-based
opaque scintillator with a scattering length of approximately 0.5 mm is used. The tracking performance
of this LiquidO detector is characterised with cosmic-ray muons and the position resolution is
demonstrated to be 450 pm per row of fibres. These results highlight the potential of LiquidO opaque
scintillator detectors to achieve fine spatial resolution, enabling precise particle tracking and imaging.
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Scintillators, scintillation and light emission processes (solid, gas and liquid scintillators)

ARrRX1v EPrRINT: 2507.13864


mailto:LiquidO-Contact-L@in2p3.fr
https://doi.org/10.48550/arXiv.2507.13864

Contents

1 Introduction 1
2 The 64-fibre Cube detector 2
3 Data acquisition and grouping methods 5
4 Offline muon selection 5
S Linearisation of the Time-over-Threshold signal 6
6 Muon light cylinders 7
7 Tracking and position resolution 11
8 Comparison with state-of-the-art muon-imaging scintillator-based detectors 14
9 Conclusion 15

1 Introduction

LiquidO represents a novel approach to radiation detection [1]. The core of this innovative concept
is to constrain light near its emission point through stochastic confinement within highly scattering
opaque media [2], and then rapidly collect it in situ. For this process to be effective, materials that have
a short scattering length and low absorption of the light are required. The scattering causes photons
— whether produced by scintillation or other light-emission processes — to undergo a random walk
around their point of production, resulting in the “LiquidO effect”, which confines light to a spherical
region around each emission point. A lattice of wavelength-shifting (WLS) fibres collects and directs
the light to photosensors, typically silicon photomultipliers (SiPMs). Consequently, the topology of
the energy deposition is preserved, and the detection volume is effectively self-segmented. This unique
characteristic grants LiquidO-based radiation detectors high-resolution imaging capability, enabling
precise reconstruction of event topologies and accurate particle identification on an event-by-event basis.

In contrast, traditional detectors using transparent light-emitting media that seek topological
information either surround the detection volume with photosensors [3—7], or physically segment
the sensitive volume [8—12]. The former method does not usually yield high-resolution topological
information, while the latter achieves this at the expense of adding more inactive material to the detector
volume and increasing light-collection inefficiencies, radioactive contaminants and manufacturing
complexity. Some designs integrate a fibre lattice within a transparent scintillator volume [13, 14],
but they do not benefit from the stochastic light confinement of a highly scattering opaque medium,
which keeps light localised near its point of production.

The development of the novel LiquidO technology is led by the international LiquidO collabora-
tion [15]. Notable projects within the LiquidO framework include the large antineutrino detectors
AntiMatter-OTech/CLOUD [16, 17] and SuperChooz [18]. Additionally, applications that could



benefit from the use of a LiquidO detector encompass positron emission tomography (PET) [19],
geoneutrino detection [20], high-energy electromagnetic calorimetry [21], neutrinoless double beta
decay searches [22], and astrophysical explorations [23].

Previous LiquidO prototypes have established the foundational principles of this detection
technique. Mini-LiquidO demonstrated stochastic light confinement around point-like MeV-scale
energy depositions while operating in a regime of low detected light (10 photoelectrons/MeV) but
high sensitivity [2]. Additional work with a 1-litre, 32-fibre detector investigated LiquidO’s vertex
reconstruction capabilities for point-like light emissions, demonstrating sub-centimetre precision [24].

This article describes the characterisation of a 64-fibre LiquidO opaque scintillator detector
prototype, referred to as the Cube detector, through the detection and reconstruction of cosmic-ray muon
tracks. This is made possible by an unprecedented number of readout channels (128) for any LiquidO
detector to date. We achieve a sub-millimetre, one-dimensional position resolution, demonstrating the
potential of LiquidO detectors for applications demanding precise tracking. In particular, for muon
imaging applications [25], LiquidO offers a promising alternative to conventional systems based on
segmented plastic scintillator bars [26, 27] or densely packed scintillating fibres [28, 29].

Moreover, we confirm on an event-by-event basis the presence of stochastic light confinement in
a highly scattering opaque medium — a defining feature of the LiquidO detection principle — in a
regime complementary to Mini-LiquidO [2], with detected light levels roughly twenty times higher.

The publication contents are organised as follows. Section 2 details the Cube prototype design,
including information on the scintillators used, the setup designed for muon detection, and the readout
system. Section 3 presents the data acquisition method, and section 4 describes the selection criteria
for muon events. Section 5 provides a method to correct the nonlinearity of the light measurement
that arises from the implementation of the readout system. Section 6 shows experimental event
displays that visually highlight muon tracks and the difference between using an opaque and a
transparent scintillator. Section 7 contains the experimental results of the position resolution of the
Cube. In section 8 we give context for the achieved resolution, comparing it with state-of-the-art
muon-imaging scintillator-based systems and discuss the potential of an optimised LiquidO detector.
Finally, section 9 summarises the work.

2  The 64-fibre Cube detector

Photos and a diagram of the 64-fibre Cube prototype detector, are shown in figure 1. The skeleton
(figure Ic) is 3D printed using Elegoo ABS-Like Resin, providing a volume of 30 x 30 x 30 mm? to
be filled with scintillator. The interior walls are made of aluminium plates which are highly reflective
for the wavelengths emitted by the scintillator [30]. The top part of the Cube is enclosed using a lid
(figure 1d), which has an aluminium plate on the side facing the scintillator. Saint Gobain’s BCF-91A
WLS double-clad fibres (1 mm diameter) [31] are threaded through the skeleton with a 3.2 mm spacing
and sealed with a liquid insulating rubber to prevent leaks. The fibres are secured in place in the end
blocks with a two-part epoxy pigmented black. The fibre ends are finished using a fly cutter, which
provides a smooth end and improves photon transmission between the fibre and SiPM, which are
air-coupled. The BCF-91A fibres comprise a polystyrene core surrounded by an acrylic layer and an
outer fluor-acrylic layer, providing a minimum trapping efficiency of 5.6% per fibre end, as quoted
in the datasheet. The WLS dye absorbs light in the 350-470 nm range, with an absorption peak at
420 nm, and emits over 460-600 nm, with an emission peak at 490 nm. The choice of 1 mm fibres



Figure 1. Images of the 64-fibre Cube detector. (a) A three-dimensional graphical representation of the detector
displaying the internal components. (b) A photo of the setup, composed of the instrumented detector in between
the two pixelated muon taggers, placed above and below the detector and enclosed in a black housing. (c) A
photo of the detector not filled with scintillator, showing the fibre lattice. (d) A photo of the instrumented
detector alone, with the readout ASICs and SiPMs attached and the lid on.

was primarily guided by practical considerations: they are mechanically robust, allowing repeated
filling and handling of the Cube, and they absorb scintillation photons efficiently.

We tested both transparent and opaque scintillators in the Cube detector. The opaque scintillator
used is a derivative of the wax-based opaque scintillators named “NoWaSH” [32]. The version of
NoWaSH used is designed with approximately 0.5 mm scattering length [33] so that the opacity of
the medium confines the majority of the light to a region on the scale of the fibre pitch. In this
formulation, the NoWaSH is produced by mixing 15 wt.% wax with a base of transparent liquid
scintillator, which comprises LAB, 1 wt.% PPO, and 0.03 wt.% POPOP. This liquid scintillator has
an absorption length on the order of meters at its peak emission wavelength and an intrinsic light
yield of about 9000 photons/MeV [32]. The two fluors in the scintillator base allow for repeated
emission/absorption to shift the scintillator photons to better match the absorption spectrum of the
fibres. The LAB+PPO+POPOP transparent scintillator base is also used to acquire data, enabling
a comparison between opaque and transparent scintillators. The only difference between the two
scintillators is the presence of wax in the NoWaSH. Figure 2 includes photos of the detector filled
with transparent and opaque scintillators.



Figure 2. Photos of the interior of the 64-fibre Cube detector filled with the scintillators used: the liquid
transparent mixture (left) and the opaque NoWaSH (right).

The detection of cosmic muons is assisted by two pixelated cosmic muon taggers (PixTags), placed
above and below the Cube (see figure 1a, 1b). These supplementary detectors are used to tag charged
particles crossing the Cube. Each PixTag contains 64 scintillator pixels, which are directly read out by
an array of SiPMs. The scintillator arrays are produced from transparent polystyrene slabs doped with
1 wt.% PPO and 0.03 wt.% POPOP [8]. Grooves are cut into the 3 mm thick scintillator and filled with
red resin to create optically separated squares of 3.2 x 3.2 mm?, matching the dimensions of the SiPMs.
The scintillator is flush with the SiPM array, such that each pixel is paired with a SiPM from the 8 x 8
array. A plastic housing encloses the PixTags to prevent light leakage and reduce external noise. The
PixTags are positioned about 20 mm above and below the opaque scintillator volume (see figure 1a).

The SiPM arrays used to read out the Cube and the two PixTags are Hamamatsu S13361-3050AE-
08 with 64 channels in an 8 X 8 grid [34]. Each SiPM has an effective photosensitive area of 3 x 3 mm?
and a photon detection efficiency of 38% at the fibre peak emission wavelength of 490 nm, as specified
in the datasheet for an overvoltage of 3 V. The electronics front-end modules (FEMs) plugged into
each SiPM array are held in place with spring-loaded screws to the fibre end blocks to maintain
consistent pressure to the face of the SiPMs (figure 1d). The four 64-SiPM arrays used in this setup,
two for the two ends of the Cube and one each for the two PixTags, are read out by the commercially
available TOFPET2 ASICs developed by PETsys Electronics [35, 36]. These low-power, 64-channel
chips read out and digitise signals from the SiPMs, streaming data that includes the channel number,
timestamp, and charge estimate of each event. The four PETsys FEMs are connected to a PETsys
FEB/D-1k module, which performs system-wide online coincidence between the FEMs and sends
the data from the ASICs to the data acquisition (DAQ) computer. The FEMs are equipped with
temperature sensors, allowing the regular monitoring of the temperature of the ASICs and the SiPM
arrays. The temperature of the two SiPM arrays reading out the sides of the Cube were 23.5°C and
25.0°C, with a stability of 0.5°C over the entire data-taking period. The entire setup was operated
inside a light-tight climate chamber (see figure 1b) with a stable air temperature of 18.0+0.3 °C.



3 Data acquisition and grouping methods

The SiPM array connected to the left (right) side of the Cube has a breakdown voltage of 51.30 V
(51.90 V) and is operated with an overvoltage of 3.50V (3.75 V). Each array of 64 SiPMs is supplied
with an independent bias voltage, allowing fine adjustment of the operating point. The small difference
in overvoltage is intentionally set to equalize the gain between the two arrays, ensuring a more uniform
response across all 128 SiPMs and enabling the use of a common trigger threshold for all channels.
The trigger threshold is set to detect pulses generated by at least two photoelectrons (p.e.). This low
threshold is selected as a trade-off between the light collection efficiency and dark noise. The SiPM
arrays connected to the PixTags have a 51 V breakdown voltage and are operated with 3 V overvoltage.
A trigger threshold of 5 p.e. is set in the PixTags to reduce the likelihood of noise generating a signal.
By utilising the online coincidence trigger of the PETsys acquisition system, only pulses occurring in
coincidence — where a signal above the threshold is detected for a PixTag and at least one other detector
(either the other PixTag or either side of the Cube)—are recorded. Given that muons produce large
and clean signals in the PixTags, it is likely that corresponding signals in the other detectors are caused
by the same muon. Therefore, this online coincidence trigger pre-filters for cosmic muons and rejects
the large majority of noise events occurring on the two sides of the Cube, where a low threshold is
used. This setup gives a low overall trigger rate of 0.4 Hz, corresponding to only 4 MB of data per day.

For each “hit”, defined as a single digitised pulse from a SiPM, we record the time at which the
signal went above threshold, the channel number of the SiPM in which the hit occurred, and an estimate
of the number of p.e. that generated the hit. The TOFPET2 ASIC has the capability of performing the
p.e. measurement in terms of either charge integration (QDC) or Time-over-Threshold (ToT). The
charge integration of the TOFPET2 ASIC is unable to resolve signals below about 20 p.e. The signal
from each SiPM in our detector ranges from approximately 1 to 100 p.e. per pulse. Therefore, we
have chosen to use the ToI' measurement. It is important to note that Tol' measurements exhibit
a non-linear response. For this reason, a linearisation method, discussed in section 5, is applied
offline. Events, defined as a group of hits, are formed offline by grouping hits from all 256 SiPM
channels using a time window of 50 ns.

4 Offline muon selection

The online coincidence trigger discussed in section 3 filters out the majority of background and noise
events. We also apply an offline selection to obtain a sample of clean muon events, in particular using
the independent PixTags and several timing cuts. All our cuts are applied to both the transparent
and opaque datasets to avoid any potential biases.

We first select only particles passing through the Cube and both PixTags. The selection imposes
the condition that there must be hits in both PixTags within a 6 ns time window and above the energy
threshold of background events. This 6 ns window was chosen based on the observed distribution
of time differences between first hits in the PixTags. It is significantly larger than the about 100 ps
transit time of a muon through the detector as it accounts for the scintillator response and no offline
timing calibration was performed. This enables the selection of through-going particle events — most
likely muons — by relying on the signals from the two PixTags only.

To ensure the time structure of events was as expected, the hits recorded by both PixTags had
to be present in the first 10 ns of an event, and the first hit from the SiPMs reading out the Cube



had to be recorded within 5ns of the PixTag hits. This selection condition rejected 2% of the
previously selected events.

The resulting event rate at this stage is 10.4 muons/hour. This rate is consistent with the analytical
prediction based on the flux of muons at the earth’s surface and the convolution of the angular
acceptance of the two PixTags and their geometry [37]. Over the various weeks-long acquisitions
the event rate was observed to be stable with variation less than 9% every 12 hours of acquisition,
consistent with the expected statistical uncertainty.

An additional selection is applied to the muon sample for the position resolution analysis described
in section 7. To eliminate particles that partially cross the detector and trigger due to a noise hit in the
other PixTag, events where an entire row of SiPMs in one of the arrays connected to the Cube fail to
register signals are excluded. This step removes approximately 3% of remaining candidate muons.

To filter out non-tracklike events that have passed the previous selection cuts, such as those
caused by multiple particles (e.g., delta-rays produced by a passing muon) crossing the scintillator
volume simultaneously, we apply two additional cuts. The first cut removes events with multiple
hits in one PixTag, except when the extra hits are adjacent to the highest-energy pixel. The second
cut removes events with unusual track widths in the detector, suggesting more than one particle is
depositing energy. We calculate the average spread of scintillation light in a row of fibres for each
event, defined as the standard deviation with respect to the weighted average of the signals in each
row. Afterwards, the overall average and standard deviation of these widths for each dataset are
found. Events with widths that deviate more than 30 from the average are discarded. These two
cuts remove about 6% and 8% of events respectively.

The reconstruction technique described in section 7 introduces a bias for events near the detector’s
borders, causing tracks to appear further from the border than they actually are. To avoid this, we
select muons that pass through the detector central region and reject the ones that travel vertically
close to the borders of the scintillator in the x-direction (see figure 1 for axis reference). This is
done by examining the positions of the largest signals in the two PixTags during each event. Events
that in both PixTags have their maximum-energy hit in the two pixels at the far left or right on the
x-axis are removed. This final cut removes about 37% of muons.

Overall, this additional selection removes around 47% of the muon candidates previously identified.
After this selection, the datasets consist of around 3500 muons for each scintillator used to fill the
Cube, acquired over time periods of approximately four weeks each.

5 Linearisation of the Time-over-Threshold signal

Time-over-Threshold is a power-efficient and cost-effective method to estimate the number of p.e.
that generates a signal. It is used in PET and high-energy physics applications. A drawback to
using ToT is that, in typical scintillator detectors, the exponential decay of the pulse causes the time
it remains above the threshold to increase logarithmically with the number of p.e. generating the
pulse. This introduces a strong nonlinearity, implying that the higher the number of p.e. generating
the signal, the less accurate ToT is. As such, when using Tol as a measurement of the size of a
signal, this nonlinearity has to be addressed.

In this work, we derive an analytical function describing the relationship between the ToTl value
and the number of p.e. that produced a signal. This correction function is developed by modelling
the response of the SiPM and the electronic readout of the experimental setup, and by simulating



SiPM pulses produced by a known number of p.e. To simulate SiPM pulses, we use SimSiPM, a
dedicated library for SiPM simulations [38]. The pulses generated by one p.e. and shaped by the
PETsys Trans-Impedance Amplifier (TTA) are characterised by acquiring dark noise signals with an
oscilloscope after the amplification stage of the debug channel of the PETsys readout. The rise and
decay times of pulses generated by one p.e. dark noise are, on average, 6 ns and 48 ns, respectively.
The experimental pulse and the fitted function used for its characterisation are included in the inset of
figure 3. SimSiPM is then used to simulate pulses generated by a known number of p.e. The arrival
times of photons at the SiPM for each simulated pulse are modelled according to the scintillation decay
times for LAB + 1 wt.% PPO (5.5 ns (72%), 13.7ns (25%), 84 ns (3%) [39]) and the Saint Gobain
BCF-91A fibre decay time (8 ns, measured in a separate dedicated experiment). The additional POPOP
in our scintillator is expected to have only a small effect on the decay times [40], and it has been shown
that adding wax to make the scintillator opaque does not affect its scintillation kinetics [2]. A dark count
rate of 250 kHz and a crosstalk probability of 11% are also set. The simulated pulses are analysed to
determine how long they remain above a threshold. Several effects are considered in the simulation to
mimic the electronics read out and account for systematic uncertainties. Channel-to-channel variations
in the TIA output are included by randomly selecting the rise and decay times for each simulated signal
within £15% of the measured values. Additionally, the trigger threshold used to compute the ToT for
each signal is randomly selected between 1.3 and 1.7 p.e. to account for small channel-to-channel gain
variations. Nominally, the trigger threshold is set to 1.5 p.e. in the Cube detector, corresponding to the
plateau observed in the acquisition rate versus trigger threshold curve between 1 and 2 p.e.

Figure 3 displays the relationship between calculated ToT and the number of p.e. generating the
simulated pulse. Given the known logarithmic dependency of ToT as a function of the number of
photoelectrons [41], alogarithmic function is used to fit the points in the graph, ToT = a+bx=In(p.e.+c).
The best parameters fitting the points are reported in the legend of figure 3. The inverse function,

ToT+4.6
pe. =e 524 +04, (5.1

enables the estimation of the number of photoelectrons from the raw experimental ToT value and
is applied throughout the remainder of this work to correct for nonlinearity. As highlighted by the
orange regions in figure 3, the range of ToT values that contribute 68% (darker) and 90% (lighter) of
the total photoelectrons in a typical muon event predominantly falls within the region where the ToT
response is approximately linear. The conversion to p.e. corrects for the non-linearity in the raw ToT
measurement and results are improved, as demonstrated in section 7. The region between the dashed
light blue lines in figure 3 represents the uncertainty associated with the p.e.-to-ToT conversion. It
corresponds to the 1 o range, arising from variations in the simulation parameters, with the shape of
1 p.e. pulses being the primary source of uncertainty. The conversion functions at the +1 o extremes
are further utilised in section 6 in the discussion of the detector light level.

6 Muon light cylinders

The stochastic confinement of light arising from the opacity of the scintillation medium can be seen
in the maps of the light collected by each fibre in muon events. Figure 4 presents example maps
of the 8 x 8 WLS fibre grid during a muon event from transparent and opaque scintillator datasets.
The number of scintillation photons detected by each fibre is determined by summing the p.e. values
(extracted from ToT using eq. (5.1)) at both ends of the fibre.
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number of p.e. is modelled with the fit function shown by the red line, which is used to estimate p.e. counts
from raw experimental ToT values and correct for nonlinearity. The region between the dashed light blue
lines represents the 10~ uncertainty in the p.e.-to-Tol conversion, arising from uncertainties in the simulation
parameters. The orange regions highlight the range of experimental ToT values obtained for muon events,
showing that they predominantly fall within the region where ToT behaviour is closer to linearity. Specifically,
the darker (lighter) orange region represents the range of ToT values that contribute 68% (90%) of the total p.e.
in a muon event on average. The inset shows the 1 p.e. pulse measured from the TIA of PETsys ASIC and the
fit used to characterise the average rise (t,) and decay (t4) times used in the simulation. The pulse shape is
dominated by the response of the readout electronics — primarily the shaping circuitry of the TIA — while the
intrinsic SiPM pulse shape has negligible impact on the overall signal.

The small purple rectangles above and below each map indicate the entry and exit locations of the
muon as estimated by the PixTags. These locations are derived from the projection along the line
connecting the centres of the pixels with the highest signals in the top and bottom PixTags. The first
event in time from both the opaque and transparent scintillator datasets involving the same pixels in
the PixTags is selected and paired together in figure 4. This allows for a side-by-side comparison of
similar muon events when using the wax-based opaque scintillator (right display of each pair) and
when the detector is filled with transparent scintillator (left display of each pair).
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Figure 4. Event displays of muons crossing the Cube. Each image represents the 8 X 8 grid of WLS fibres and
the colour scale shows the number of p.e. detected by each fibre. Events are grouped in pairs, selecting muons
going through the same PixTags pixels in the transparent (left of pair) and opaque (right of pair) datasets. The
size of the circles is exaggerated compared to the real diameter of the fibres for display purposes. The small
purple rectangles above and below each image represent the Cube entry (top) and exit (bottom) location of the
muon as estimated from the maximum signal in the top and bottom PixTags.



A clear distinction emerges between the two media. In the transparent case, scintillation light
spreads broadly, leading to a more diffuse pattern of fibre signals. By contrast, the opaque NoWaSH
scintillator confines light near its point of origin, resulting in more localised and trackable signal
patterns. Since muons deposit energy continuously along their path, this confinement yields a series
of overlapping, localised “light balls” that collectively form a distinctive “light cylinder” topology.
This track-like structure is evident in the event displays of figure 4, particularly in the right-hand
panels of each pair, where the enhanced spatial confinement in the opaque medium leads to sharper,

more defined tracks.
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Figure 5. (a) Distribution of the number of SiPMs with signal and (b) the total number of photoelectrons in
muon events. The histograms correspond to data taken with the detector filled with either opaque (orange) or
transparent (grey) scintillators. A Gaussian function is used to fit the distribution of SiPMs with signal, while a
Landau function is applied to the total number of p.e., as it is expected to describe the energy loss of cosmic
ray muons. When using the opaque scintillator, more light is detected and, furthermore, these photons are

distributed across fewer SiPMs, demonstrating light confinement.

This confinement effect is further supported by the comparison of the number of SiPMs with
a signal in a muon event, as shown in figure 5(a). The number of SiPMs with signal per event is
lower in the opaque case (average of 69) compared to the transparent case (average of 93), due to
the confinement of the light from the muon track. The number of SiPMs hit was observed to be
stable to 3% over multiple weeks of data taking.

Figure 5(b) shows the distribution of the total number of p.e. collected in each muon event
for the two scintillators. About 25% more light was collected when using the opaque scintillator,
and furthermore, these photons were distributed across fewer SiPMs. The light level per row was
reasonably uniform, with variations of approximately +10%. The detected light can be estimated by
considering that muons deposit approximately 2 MeV/cm and the height of the scintillator volume in
the Cube is 3 cm, giving a total energy deposition of 6 MeV. In the opaque case, the average number
of p.e. detected is about 170 p.e./MeV, while in the transparent is about 140 p.e./MeV. The uncertainty
associated with these values of p.e./MeV is +40% and is dominated by the conversion from ToT to
p.e. described in section 5. Several factors limit the quantitative interpretation of the light levels in
the two cases. For example, in the transparent setup wall reflectivity plays a more significant role
in light loss than in the opaque case. Conversely, in the opaque case, the 15% of the volume that
is non-scintillating wax reduces the light yield compared to transparent.
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Overall, these results allow us to draw qualitative conclusions that provide insight for the
optimisation of future LiquidO detector designs. Light confinement in LiquidO arises from two
contributions: direct collection, in which the fibres themselves directly confine the light by stopping
it from streaming away from its point of production, and stochastic confinement, given by the
highly-scattering opaque medium. In the Cube detector the pitch of the fibres is 3.2 mm and their
diameter is 1 mm, resulting in a relatively dense fibre lattice where the fibres occupy 7.7% of the
detector volume. This configuration positions the detector within a regime where light confinement
results from both direct and stochastic contributions at comparable levels. As a result, muon tracks
are observed with the transparent scintillator due to the direct confinement, albeit with significantly
reduced sharpness compared to the opaque case. The relative contribution of stochastic confinement
can be increased by several means: using thinner fibres, increasing the fibre pitch (i.e. reducing fibre
density), or employing a medium with a shorter scattering length. However, these optimisations
can come with trade offs in total light collection, spatial uniformity of light collection and timing
resolution of the detector response, as well as practical considerations related to detector assembly
and mechanical robustness. These design choices must therefore be carefully balanced in accordance
with the specific performance goals of a given LiquidO detector application.

7 Tracking and position resolution

The accuracy of reconstructing muon tracks is crucial for evaluating the benefits of using an opaque
scintillator. The position of a muon as it traverses the Cube is reconstructed for each of the eight
fibre rows, using the hits recorded by the eight fibres in each row. The overall muon track is then
determined by combining the spatial information from all rows. Specifically, for each row of fibres
J» the reconstructed coordinate of the travelling muon X;e“’ is calculated by a quantity analogous
to the centre of mass with

2ok Wk * Xk

Xr.eco -
J 2k Wk

(7.1)
where x; is the x coordinate of the centre of fibre k and wy is a weight associated with that fibre.
The weights wy are a measure of the number of p.e. detected at the two ends of each fibre. The raw
experimental ToT and the number of p.e. extracted using eq. (5.1) are used as weights and the results
are compared. Reconstructed positions of muon tracks are shown in figure 6, in the case of transparent
and opaque scintillators. The tracks are produced by performing a chi-squared straight-line fit to the
X;.e“’ points. This fit assumes muon trajectories are effectively straight within the detector, neglecting
multiple scattering. Given the low atomic number and density of the scintillator, the short muon
path length within the detector, and the high average energy of cosmic muons, this assumption is
justified and any scattering-induced deviations are expected to be negligible. For comparison, tracks
as would be inferred from only the PixTag signals are also shown in figure 6. Note that information
from the PixTags is used solely for muon selection and as a consistency check, and not for estimating
the position resolution of the LiquidO detector. This is because the position information provided by
the PixTags is significantly less precise than that of the Cube itself. From figure 6, it can be observed
that the tracks reconstructed by the Cube and the PixTags are broadly similar.

We investigate the position resolution, defined as the ability of each row of fibres to measure
the position of a passing muon in the plane defined by fibres. The resolution of this reconstruction
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Figure 6. Examples of reconstructed muon positions (orange crosses) and tracks (orange line) in the Cube.
The position is reconstructed for each of the eight rows of fibres. The tracks are produced by performing
a straight-line fit to these positions. The tracks reconstructed using the information of the PixTags are also
included (pink dashed line). Events are grouped in pairs, selecting muons going through the same PixTags
pixels in the transparent (left of pair) and opaque (right of pair) datasets.

is measured by comparing the reconstructed position to a precise reference position of the muon,
which is determined using the detector’s inherent capability to track muon trajectories. Given that
this approach relies on assessing the position resolution of a row of the Cube by considering a
precise reference position estimated by the same detector, a method that corrects the final resolution
for this effect is used [42, 43].

Considering the row j of the detector, the reconstructed position X7 is given by eq. (7.1). Two
precise positions are then estimated. The first, lel, is extracted using a linear fit to the X[°°° of every
row of the Cube, including the row under test. The other, X;", is given by the linear fit through all
the X3 excluding the row under assessment. The distributions of the residual 87" = X77*° — X" and
6;" = X% — X§" are then generated and, finally, the position resolution is computed as

Rj = [osn - 050, (7.2)
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Figure 7. Muon position resolution obtained for each of the eight rows of fibres in the Cube, filled with either
transparent (black circles) or opaque (orange circles) scintillator. The reconstruction of the muon position uses
the number of p.e. extracted from the raw ToT values. Filled circles represent the resolution for central rows, not
impacted by edge effects, while open circles correspond to rows near the top (y > 20.8 mm or y = 24 mm) and
bottom (y = 1.6 mm) edges of the scintillator volume. The average resolution across the central rows is shown
by the dashed lines. With the opaque scintillator, the average resolution per fibre row is 450 pm, compared to
730 pm in the transparent case — an improvement factor of 1.6.

where T and Oger are the standard deviations of the two residual distributions for the row j. This
approach 'has been shown to provide an unbiased estimate of the spatial resolution of a test detector
when using other detectors with similar characteristics to reconstruct a precise reference position [44].
That previous work is analogous to our study, where the “detector” under assessment is one of the
rows of the Cube, while the “reference detectors™ are the other seven rows.

The position resolutions for each of the eight rows estimated using this method are shown in
figure 7. Results for both the opaque and transparent scintillator are included. For each row, only the
resolution calculated using the number of p.e., extracted from raw Tol experimental values, is shown.
The row with y-coordinate 1.6 mm is the bottom one, as with the event displays shown in figure 4. The
mean resolution is calculated using results from central rows that are not affected by border effects.
These effects include reflections from the aluminium covering the top and bottom parts of the detector
and possible air gaps between the reflective material and the scintillator at the top of the Cube. For the
opaque case, to eliminate these factors, the top and bottom rows, closest to the reflective surfaces,
are not included in calculating the average resolution. The position resolution of these rows is still
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reported as open circles in figure 7, and it can be seen that it is slightly worse than that of the central
rows. In the transparent case, the impact of the proximity to reflective surfaces is greater, as light is
not confined close to the emission point and is free to travel. The two top rows at y-coordinates 20.8
and 24.0 mm are less resolved because air gaps degraded the coupling between the scintillator and
the aluminium reflective surface beyond the reflective border effect seen in the opaque scintillator.
Therefore, these rows are not included in the average resolution calculation.

Each central row of the Cube detector filled with opaque scintillator resolved the passing muon’s
position to within 450 pm on average, compared to 730 pm when using the transparent scintillator
— an improvement factor of 1.6. This enhancement is attributed to stochastic light confinement
induced by the opacity of the material, which localises light near the point of energy deposition, as
visually evident in the event displays of figure 4. It should be noted that while the transparent setup’s
performance is considered final for the given fibre pitch, the opaque configuration has not yet been
fully optimised. Further improvements in position resolution are expected, primarily through tuning
the scintillator’s opacity (i.e., scattering length), along with other design parameters.

In both the transparent and opaque scintillator datasets, the position resolution is improved by
0.12 mm when the p.e. information is used, compared to raw ToT. This difference occurs because ToT
does not scale linearly with the number of p.e., particularly within the core of the muon track where most
light is collected. Converting ToT to p.e. mitigates this effect, enhancing the weights assigned to the core
of the track and enabling more precise reconstruction. The uncertainty on the ToT-to-p.e. conversion
discussed in section 5 translates to minimal (+1%) uncertainty on the resolution computed here.

8 Comparison with state-of-the-art muon-imaging scintillator-based detectors

A simple comparison of the position resolution performance can be made considering a hypothetical
detector composed of transparent scintillator, which is optically and physically segmented with the
same pitch as the Cube. When a muon passes through a row of segments in this hypothetical detector,
a signal is generated only by the segment that the muon traverses. With a lateral size of the segment, or
pitch, of L, this provides a resolution for the reconstruction of the muon position of L/V12, equivalent
to the standard deviation of the uniform distribution. Therefore, for a 3.2 mm pitch, the resolution
is 0.92mm. The Cube detector with opaque scintillator achieves approximately two times better
resolution than this segmented example, demonstrating that significant performance gains can be
achieved with LiquidO, even prior to detector optimisation.

A further comparison can be made considering state-of-the-art scintillator-based detectors in the
field of Cosmic Ray Tomography (CRT). In CRT, spatial resolution is a key performance metric [25].
For transmission-based imaging, accurate muon localisation enables the mapping of material density
and is further improved by also reconstructing the muon direction. In scattering-based tomography,
the deflection of muons by interactions with matter is measured, making angular resolution the critical
factor [45]. To reconstruct the direction vector of the muon, several detectors with a planar geometry
are typically stacked vertically; the achievable angular resolution depends on the position resolution
of each layer and the spacing between them.

Scintillators are widely used in CRT due to their robustness, ease of construction, cost-effectiveness,
and high detection efficiency [46, 47]. Modern muon imaging systems typically employ two or more
double layers of orthogonal plastic bars to track particles in three dimensions. The scintillation
light produced by the passing particles propagates directly to the bar end faces or is transported
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via secondary light emission in wavelength-shifting optical fibres. The light signal is read out by
photodetectors optically coupled to the bar lateral edges. These bars can be easily shaped into various
sizes, with the position resolution determined by their shape and lateral dimensions.

For rectangular bars, particles generally produce a single hit per plane, resulting in a spatial
resolution of L/V12 as discussed above. This geometry is widely used because it is suitable for
precise muon tracking and allows flexible, large-area detector configurations [48-51]. A triangular
shape can improve spatial resolution by measuring the signal fraction in adjacent bars, for example
2.5mm resolution for L = 15mm [26, 27].

In addition to plastic bars, scintillating fibres are also used in muon tomography systems [28, 29, 52].
These fibres, when packed together, provide very fine segmentation equivalent to the fibre diameter,
resulting in high spatial resolution. For instance, detectors using fibres with a diameter of 1 mm have
achieved a resolution of 120 pm by combining the information from multiple layers [28].

LiquidO-based detectors offer clear advantages for muon imaging. The Cube prototype achieves
a position resolution of 450 pm at 3.2 mm pitch, 14% of the pitch, suggesting that a 15 mm-pitch
LiquidO system could deliver around 2 mm resolution, compared to 2.5 mm in current triangular-
bar systems. This simple scaling indicates that LiquidO has the potential to match or outperform
state-of-the-art triangular-bar detectors and is expected to compete with, and potentially surpass,
systems based on scintillating fibres.

Further optimisation is needed to fully realise the capabilities of LiquidO detectors. Scaling to
metre-scale devices introduces challenges such as light attenuation in longer fibres and maintaining
scintillator uniformity across extended volumes. However, a design optimised for muon imaging could
incorporate several enhancements: tuning key parameters — including scintillator scattering length,
fibre diameter, and absorption length at emission wavelengths — and refining the detector geometry to
maximise performance [53]. For example, with the absorption lengths of our current scintillators, the
best spatial resolution is expected to be achieved with a scattering length several hundred times shorter
than the fibre pitch. Upgrading the readout electronics to improve photon-counting precision per SiPM
would also be beneficial. Crucially, unlike segmented systems where reconstruction is limited by sparse
signal channels (typically one or two per detector layer), LiquidO provides richer optical information
that enables more sophisticated reconstruction algorithms. In particular, machine-learning techniques
can extract finer spatial features, correct systematic biases, and identify secondary structures such
as O-rays or overlapping tracks. Moreover, new formulations of opaque scintillator with higher light
yield and wavelength-shifting fibres with higher trapping efficiency could enhance spatial resolution
by increasing the amount of detected light, an improvement not equally accessible to segmented
detectors. Collectively, these advances could improve position resolution by a factor of five to ten
relative to a segmented detector of equivalent pitch.

9 Conclusion

We have designed and characterised a 64-fibre LiquidO prototype, read out by 128 photosensors —
the highest number employed in any LiquidO detector to date. Thousands of cosmic ray muons were
externally tagged passing through the prototype, which was tested with both opaque and transparent
scintillators. A comparison of images from the opaque and transparent datasets demonstrated, on
an event-by-event basis, the significantly enhanced light confinement achieved using the wax-based,
highly-scattering scintillating medium. This provides a clear demonstration of the LiquidO effect.
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The tracking and position reconstruction capabilities were also evaluated. Specifically, individual
rows of fibres with a 3.2 mm pitch gave a position resolution of 450 pm when using the opaque
scintillator. In comparison, the resolution achieved is twice as precise as that expected for a simple
segmented detector with the same pitch, demonstrating the superior imaging performance of LiquidO
technology in resolving track-like events.

These results highlight the potential of LiquidO-based detectors for applications requiring millime-
tre and even sub-mm position reconstruction. In the context of muon imaging, they demonstrate the
ability to compete with and potentially surpass current state-of-the-art scintillator-based technologies,
whether in terms of spatial resolution, cost-effectiveness, or design flexibility.
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