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Particle Identification (PID) in homogeneous (target = detector) and 
non-segmented detector is a major challenge in MeV neutrino 

detection.  

Compton scattering 
(ended by photon-electric effect)

MeV electron or alpha/p 
dE/dx Bragg peake+ annihilation 
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Particle Identification (PID) in homogeneous (target = detector) and 
non-segmented detector is a major challenge in MeV neutrino 

detection.  

Compton scattering 
(ended by photon-electric effect)

MeV electron or alpha/p 
dE/dx Bragg peake+ annihilation 

In a typically Liquid Scintillator Detector @ MeV scale with PMT readout   
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Stochastic light confinement
Confine the light to the production point  
✓ interaction pattern can be reconstructed  
✓ Particle ID, tracking, fine calorimetry, dE/dx…. 

Transparency

λ(scattering)≥10m

Rayleigh & Mie Scattering

λ(scattering)≥10m

Increase lossless scattering: 
✓Mie scattering: achromatic and tiny losses, “cloudy” touch 
✓ Rayleigh scattering: chromatic and lossless 

Scattering —> “random walk” —> light ball (order 1cm)
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Stochastic light confinement
Confine the light to the production point  
✓ interaction pattern can be reconstructed  
✓ Particle ID, tracking, fine calorimetry, dE/dx…. 

Transparency

λ(scattering)≥10m

Rayleigh & Mie Scattering

λ(scattering)≥10m

Increase lossless scattering: 
✓Mie scattering: achromatic and tiny losses, “cloudy” touch 
✓ Rayleigh scattering: chromatic and lossless 

Scattering —> “random walk” —> light ball (order 1cm)

Light ball
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1 MeV positron 
interaction

Bottom view: (x,y) projection

Top view: (x,y) projection

The produced light have to be read by an array of fibres to produce 1 or more 
projection like in gas TPC chambers.
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1 MeV positron 
interaction

Bottom view: (x,y) projection

Top view: (x,y) projection

The produced light have to be read by an array of fibres to produce 1 or more 
projection like in gas TPC chambers.

Z position using: Δt (time difference)

sub-mm vertex precision possible
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1x Axis(Z) — minimal configuration 
•(X,Y): topology→ mm resolution (robust)

•Z: timing→ few cm resolution


2x Axes — complexity & cost… 
•(X,Y,Z): topology→ mm resolution (robust)

•(X,Y,Z): timing→ cheap-readout / over-constrained

“Tilted fibres” along one axis  
• engineering under development  
• (X,Y) from fibre position, mm resolution (robust)  
• Z from topology, cm resolution (robust)   

 (mm)source-XrecoX
20− 10− 0 10 20
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20− 10− 0 10 20
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±1cm

σ(z)≤1cm

~0.5MeV
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 (mm)source-ZrecoZ
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~0.5MeV

σ(x)≤0.5cm
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±1cm

LiquidO novel engineering solutions…
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pressure and composition. For example, it was suggested that higher fractions of iso-para�n in the
wax tend to favor microcrystalline or amorphous solids as compared to pure n-para�ns [17].

After production at elevated temperatures, the NoWaSH samples start as transparent colorless
liquids. As the temperature decreases they lose transparency and slowly solidify due to crystal-
lization of the para�n wax. In figure 5, three samples with di�erent para�n concentrations are
shown at a temperature of 30�C. Whereas the NoWaSH-10 is still transparent, the NoWaSH-20 is
already opaque for distances of more than 1 cm. The NoWaSH-15 is still rather transparent, but the
formation of first crystals is already visible. At 25�C all samples look similar to the NoWaSH-20 at
30�C. However, there is a di�erence in the rigidity at this temperature. The NoWaSH-20 is below,
the other two samples still above the pour point. If the cooling rate is too slow, the crystals forming
first might precipitate on the bottom of the vessel resulting in an inhomogeneous distribution of the
n-para�n in the scintillator. The Aldrich para�n wax with slightly higher melting point also shows
a slightly higher cloud point as compared to the samples using the Fisher Chemical wax.

Figure 5. The picture shows three samples with 10% (left vial), 15% (middle vial) and 20% (right vial) of
para�n wax at 30�C. The scintillator was cooled from above 40�C at a cooling rate of about 2 K/hour and
kept overnight at 30�C. The outer diameter of the vials is 2.8 cm. At 25�C all the samples are opaque.

For the case of the NoWaSH-20 (wax from Fisher Chemical) we observe crystallization around
32–33�C when slowly cooling down the scintillator. Coming from low temperature and slowly
heating up the mixture, we find full dissolution at 35–36�C. In between, around 34�C, there is the
metastable region. At increasing temperatures, we observe a cloudy gel in this region (red arrow
in figure 4) whereas there is still a transparent liquid, when coming from the high temperature side
(blue arrow in figure 4). The di�erence of about 3�C is only slightly higher than the extrapolated
1.6�C width between the crystallization and dissolution temperature for a 20% para�n wax in
mineral oil mixture at an infinitely slow temperature change [14]. For lower wax concentrations,
the WAT decreases and the metastable region width increases. The WAT and metastable region
width can also be a�ected by the PPO or impurities as well as mechanical stirring.

A detector using a wax-based scintillator would probably be filled at elevated temperatures
around 40�C for which the medium can still be pumped through a piping and filter system. Assuming
detector operation is at room temperature, there is a temperature di�erence between the filling and
the data taking period of more than 10�C. The change in the volume of the medium is sizeable in

– 7 –

Opaque Scintillator : NoWaSH
“NoWaSH” scintillator = Linear Alkyl Benzene + PPO (0.3%) Paraffin 

Opacity depends on 
✓paraffin concentration 
✓temperature which control the crystallisation  

2019 JINST 14 P11007
Figure 3. The scattering length at 400 nm is estimated for di�erent wax concentrations from absorbance
measurements in a 1 cm cell (red points). The temperature during the measurements was (23 ± 1)�C. In the
transparent regime, below 5% wax concentration, the scattering length is more than 1 m. At 10%, crystal-
lization is setting in and it drops below 2 mm. Further increasing the wax content up to 20% decreases the
scattering length. The blue points illustrate the results of cross-check measurements performed in a 2 mm cell.

Figure 4. This schematic illustration shows the three regions for an organic/liquid wax mixture: a liquid phase
for high temperatures/low wax concentrations, a solid phase for low temperatures/high wax concentrations
and a metastable region in between. Furthermore, the crystallization temperature at which crystals form while
cooling the liquid phase (blue arrow), as well as the dissolution temperature at which the wax fully dissolves
while heating the solid phase (red arrow), are indicated. The WAT is close to the dissolution temperature.

– 6 –

Paraffin  
concentration

C. Buck, B. Gramlich, S.Schoppmann, JINST 14 (2019) P11007 

2019 JINST 14 P11007

Figure 3. The scattering length at 400 nm is estimated for di�erent wax concentrations from absorbance
measurements in a 1 cm cell (red points). The temperature during the measurements was (23 ± 1)�C. In the
transparent regime, below 5% wax concentration, the scattering length is more than 1 m. At 10%, crystal-
lization is setting in and it drops below 2 mm. Further increasing the wax content up to 20% decreases the
scattering length. The blue points illustrate the results of cross-check measurements performed in a 2 mm cell.

Figure 4. This schematic illustration shows the three regions for an organic/liquid wax mixture: a liquid phase
for high temperatures/low wax concentrations, a solid phase for low temperatures/high wax concentrations
and a metastable region in between. Furthermore, the crystallization temperature at which crystals form while
cooling the liquid phase (blue arrow), as well as the dissolution temperature at which the wax fully dissolves
while heating the solid phase (red arrow), are indicated. The WAT is close to the dissolution temperature.
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Scattering length  
~ 1-2 mm
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unprecedented PID @ MeV

≤10cm

>>10cm

~2MeV

✓  separation  
✓ background (cosmogenic) identification 
✓ no segmentation (less background for MeV physics) 
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matter/anti-matter ID (no B-field!)

~50MeV
e+ e-

From multi MeV to GeV

Genie Generated

50 cm ~ 1.6 ns

n’s ToF (momentum) + p-recoil 

→ capture on H [tag: 2.2MeV γ]

Doping: 
  •control density (≥0.8kg/m3) 
  •increase Z 
  •control EM vs Hadronic 
  •etc (long!)

→ Collider Calorimetry

GeV

✓ Superb GeV calorimetry, stochastic error  0.1% [~105 PE/GeV] 
✓ Tracking 
✓ Timing, time-of-flight

✓ DAR neutrinos 
✓ Supernova neutrinos (directionality !!) 
✓ Antmospheric neutrinos
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First experimental proof of principle 

Increasing the opacity light is confined close to the production point  
Figure 3: Experimental Proof of Principle. The left panel shows a diagram of the small prototype detector built to make
the first experimental demonstration of our new opaque scintillator detection concept. The detector consists of a small cylindrical
vessel with internally reflecting surfaces including a 25 µm aluminised Kapton sheet at the bottom. Light is collected with three
fibres (�=1 mm) running diametrically at di↵erent heights. A 3” PMT is placed at the top and serves as a transparency monitor.
Mono-energetic 1 MeV e�’s impinge from the bottom and make point-like energy depositions inside the detector as shown by the
dashed semi-circular line. The data collected with three scintillators made from the same base (LAB+PPO at 2 g/l) are shown on the
right with measurement uncertainties illustrated by the pale regions at the top of each bar. The high (dark blue) and low (light blue)
opacity formulations are obtained by mixing in a para�n polymer at 10% and setting the temperature at 12�C and 26�C, respectively.
Studies of an LAB-based scintillator showed only percent-level e↵ects on the light yield from a similar temperature change [26]. The
measurements from the prototype obtained with the opaque formulations are compared with those from the transparent scintillator
(red), which serves as a control sample. To allow relative changes in light collection between the three fibres and the PMT to be seen
easily, the axes of each bar chart were scaled so that the red bars are all the same height (grey dashed line). The high opacity data
show a clear increase (around 2.0⇥) at the bottom of the vessel and a decrease (around 0.5⇥) at the top, as expected from stochastic
light confinement around the energy deposition point. Given that the low and high opacity samples have the same composition and
di↵er only in temperature, these results show that the formation of a light-ball and the corresponding increase in light collection at
the bottom fibre are directly linked to the shorter scattering length.

signal followed by a delayed n capture as the observable. This367

is the primary detection channel for ⌫̄e’s from many sources368

such as nuclear reactors [27], supernovae [28], the earth [29],369

and pion decay-at-rest beams [30, 31].370

In current LSDs, single e+ events are largely indistinguish-371

able from naturally occurring e�’s and �’s with the same vis-372

ible energy. Neutron backgrounds, originating mainly from373

the nuclear interactions initiated by cosmic-ray muons, are374

largely unavoidable. A correlated, prompt and point-like en-375

ergy deposition can precede the capture of some of these neu-376

trons and mimic a e+ in an LSD. The unique signature of a377

e+ event in a LiquidO detector, as shown in Fig. 1, provides a378

new and powerful handle to reject some of these backgrounds.379

As shown in Fig. 2, electrons or other particles giving point-380

like energy deposition are estimated to be misidentified as a381

� with probability of at most 10�2, which gives a reasonable382

estimate on the probability of misidentifying them as a e+.383

Thus, all backgrounds whose prompt-like signals consist of384

e�, ↵ or recoil-p can be reduced by a factor of at least a hun-385

dred in comparison to the latest LSDs [32]. This includes all386

correlated backgrounds of cosmogenic origin, which typically387

bear the largest impact on the background systematic uncer-388

tainty, as well as the accidental backgrounds involving a ��. 389

Any remaining accidental backgrounds dominated by �’s can 390

be reduced by the spatial coincidence requirement that can 391

be tightened by exploiting the more precise mm-scale vertex 392

reconstruction. On top of those BG reductions, a decrease 393

in the radioactivity present within the detector is possible 394

through the elimination of the need for PMTs. As a case in 395

point, the overall signal to background ratio of the Double 396

Chooz near detector [32], with an overburden of barely 30 m 397

of rock, would be reasonably expected to increase from about 398

20 to substantially more than 250. 399

IBD detection where backgrounds are hugely reduced opens 400

the door to new explorations, such as a reactor antineu- 401

trino oscillation measurement beyond today’s precision. Con- 402

versely, in scenarios where a high signal-to-background ra- 403

tio is unnecessary, a major reduction of the overburden and 404

shielding requirements would be possible. A promising ap- 405

plication in this situation would be to monitor reactor an- 406

tineutrinos for non-proliferation purposes [33]. The opacity 407

of our technique also allows for a more e�cient use of pre- 408

cious laboratory space. In LSDs, a passive “bu↵er” region 409

is often used to shield against PMT or other radioactivity, 410

6

micro-LiquidO 
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top view

T control
radiator⊕chiller : [5,40] ºC

3” PMT
(test transparency)

overall view

64 channels readout
(pitch ξ≈1.5cm)

Next step… 
“mini-LiquidO”

Data imminent
19

top view

LiquidO’s prototype MINI-II (upgrade) 
•10 L prototype  
•we can test several different media  
✓ water (transparent) 
✓ transparent scintillator  
✓ opaque scintillator (opacity controlled with 

temperature)

data taking since 2021
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cherenkov light from low energy e-

slight forwardness & transparent

raw data (no ToF, etc corrections)

Water: Cherenkov light only…

Validate detector timing with known signal  
Timing dominated by fibre excitation?  

Next step… 
“mini-LiquidO”

Data imminent
19

Radial distance
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raw data (no ToF, etc corrections)
LAB (no PPO)

Water LAB (no PPO)
Water

Cherenkov@LAB
(extracted)

1.8MeV e-↑ beam-spot

transparent & isotropic
(solid angle: ≈1/r2)

LAB (no ppo): scintillation + Cherenkov

Strong increase of the light due to the LAB:  
✓~8.7x more light wrt water 
✓with PPO ( < 3 g/L ) we expect an additional 4x increase   

Using water-data we can extract the fraction of 
Cherenkov light that excite the scintillator   
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NoWaSH Light: ~80x 
Cherenkov in Water

↑ beam-spot

NW@40ºC
Water

1.8MeV e-

effectively transparent & isotropic
(solid angle: ≈1/r2)

NoWaSH @40o : Scintillation, no Cherenkon

• At 400 NoWaSH is almost transparent (on the scale of MINI detector) 
• Cherenkov light reduced by the paraffin (under investigation) 
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Very strong deviation from 1/r2

Light confinement

NW@5o : LiquidO (scintillation)

Strong deviation of the light profile due to the trapping of the light 
close to the production point = LiquidO  
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LiquidO: ~80% light collected within 5 cm’s

almost 4 order of 
magnitude in 20 cm

Linear scale

Light yield

✓ effective detected light yield >120PE/MeV [@ SiPM]  
✓ ≥250PE/MeV — optimisation (ongoing engineering)
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MINI's light ball→
~80% light within ≈4cm (radius) @1.8MeV

PID e/γ separation should be > 100:1 rejection @ ≥ 90% efficiency

Topology PID (no timing)
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Conclusions
With Micro & Mini LiquidO we have demonstrate   
✓Opaque medium → Stochastic light confinement 

✓In opaque medium light ball can be read using an array of optical fibres 

✓LiquidO principle works with any type of

• light, not only scintillator

• media (liquid, solid, …)  
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Summary
LiquidO = light detector with opaque medium 

stochastic light confinement —> imaging & PID  

light base “TPC” (highest duty cycle) 

imaging (PID, tracking, energy flow…) 

uniform calorimeter (with scintillator medium) 
Time-of-Flight (4π acceptance) 

doping (new physics)



Anatael Cabrera (CNRS-IN2P3) — IJCLab / Université Paris-Saclay (Orsay)

first experiment…

Innovation Programme (confidential for now) — “Antimatter-OTech”
Fundamental Science Programme (soon)

•                    (France) — first time in neutrinos!
•CIEMAT (Spain)
•IJCLab/Université Paris-Saclay (France)
•J-G Universität Mainz (Germany)
•Subatech/Nantes Université (France)
•Sussex University (UK)
—
•Charles University (Czech Republic)
•INFN-Padova (Italy)
•UC-Irvine (US)
•Universidade Estadual de Londrina (Brasil)
•PUC-Rio de Janeiro (Brasil)
•Queen’s University (Canada)
•University of Zaragoza (Spain)
•Tohoku University / RCNS (Japan)

CLOUD collaboration (EDF⊕13 institutions over 10 countries)

Check out also today talks at 17:00 in 

Neutrino Physics session (Room 2) 

“The SuperChooz Pathfinder Exploration” 

A.Cabrera
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Thank you…
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scaling to tons? much already demonstrated by NOvA…

common technology but not methodology
•scintillator : ✓ (yield improvement)
•fibres: ✓
•light collection system: ✓ (improvement?)
•photo-detector: ✓ (APD→SiPM OK?)
•different optimisation: R&D
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precisely reconstructed. Track-like patterns would also be formed
from many other particle interactions such as !νe charged current
(CC) above about 10 MeV and νμ CC events at higher energies
above the μ production threshold. In this way, LiquidO combines
some of the advantages of tracking detectors with those of LSDs.

The timing information of the light pulses coming from each
fibre is expected to further enhance the particle identification
capabilities of LiquidO. Our simulations show that e+’s and γ’s
have distinct energy-flow patterns, in that the e+ event typically
develops outwards from a central light-ball while the γ consists of
several light-balls forming in sequence. Work is ongoing to
quantify the ability of LiquidO to perform dynamic imaging of
energy depositions in time and the consequent improvement over
the static imaging used in Fig. 2a, b. If successful, this could allow
single-e+ events to be efficiently identified below 3MeV, where
most gamma backgrounds from natural radioactivity lie. Above

this energy, we expect the timing information would typically be
much less important and that the static images alone are likely to
enable single-e+ identification.

The particle identification capability of our technique builds on
the low density of organic scintillator, typically 0.9 g cm−3, and its
high fraction of hydrogen with H-to-C ratios typically in the
range 2–3. Its low average atomic number favours a long
radiation length, around 0.5 m, a minimal photo-electric effect
and energy losses by bremsstrahlung that do not start to
dominate until e−’s have an energy of around 100MeV. The
extremely low cross-section for the photo-electric effect in
scintillator, such as Linear-Alkylbenzene (LAB)17, means that
an MeV-scale γ is highly unlikely to interact that way. On the rare
occasion that this does happen an e− of the same energy is
produced, which sets a limit to the level at which e−’s and γ’s can
be distinguished. In scintillators, the fraction of 2 MeV γ’s that

Fig. 2 Discrimination of electrons from gammas. An image of a γ (a) and an e− (b) with 2MeV of kinetic energy simulated using the default LiquidO
detector configuration with fibres arranged in a 1-cm-pitch lattice running along the z-axis. The spatially dispersed Compton-scattering pattern of the γ
clearly sets it apart from the e−. c shows the probability of misidentifying a γ as an e− vs. the efficiency of selecting e−’s estimated with a simple
reconstruction. The scintillator is assumed to have a conventional light yield and a mean scattering length λs of either 1 mm or 5 mm, which is well-matched
to the 1 cm fibre pitch. The photon detection efficiency ε of 3% accounts for all losses of light at the various stages and is dominated by the fibre trapping
efficiency (around 10%) and the Si-based photo-sensor (SiPM) quantum efficiency (around 50%). The grey curve shows the probability of misidentifying a
2MeV γ as an e− is estimated to be at the 10−2 level with an efficiency of 87% for λs= 5mm. The red curve illustrates how the γ contamination decreases
by an order of magnitude for the same efficiency when the light is more tightly confined (λs= 1 mm). The blue curve shows the improvement that can be
obtained when fibres with the same 1-cm-pitch run along 2 orthogonal axes instead of a single one. Finally, the green curve illustrates how much
hypothetical improvement could be obtained in the limit of 100% efficiency or equivalently 30×more light, some of which might be achieved through novel
scintillators and/or improved photon detection efficiency. No timing information has been used and more sophisticated spatial reconstruction techniques
could likely improve the e− vs. γ separation further. A photofraction scale is shown on d, which quantifies the fraction of γ’s that interact via the photo-
electric effect and thus provides a floor to detector performance. Linear-Alkylbenzene (LAB) has a low photofraction of 6 × 10−6, compared to 2.9% for
liquid xenon and 0.17% for LAB doped with 10% indium by weight.

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-021-00763-5

4 COMMUNICATIONS PHYSICS | ����������(2021)�4:273� | https://doi.org/10.1038/s42005-021-00763-5 | www.nature.com/commsphys

PID(e-:γ) @ 2MeV

Irriducibile contamination in LAB

e/γ separation only with 
pattern, no timing

100:1 rejection @ ≥ 90% efficiency


