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in reality, more like this…

 19

liquid~wax behaviour

R&D towards a novel liquid scintillator detection 
technique using an opaque medium 
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Borexino	
1kt	
Solar	ν	

Double	Chooz	
30t	
reactor		ν	

KamLAND	
1kton	
Δm12

2	

SNO+	
0.9kt	
ββ0ν	
0.5%	loading	

KamLAND-Zen	
ββ0ν	
3%	loading	

JUNO	
20kt	
Mass	hierarchy	

Traditional Liquid Scintillator 
neutrino experiments: 
Attenuation length ~20m 
Scattering length ~35 m 

Transparency limits: 
Size 
Loading capacity 
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How to readout an “opaque” scintillator? 

Grid of wavelength-shifting fibres 
X, Y info: fibre grid spacing (~1 cm imaging) 
Z info: timing along fibre (~cm resolution) 
SiPM fibre readout (photon counting) 

C.	Palomares							 4	24/10/19	



24/10/19	 C.	Palomares							 5	

How to readout an “opaque” scintillator? 

Grid of wavelength-shifting fibres 
X, Y info: fibre grid spacing (~1 cm imaging) 
Z info: timing along fibre (~cm resolution) 
SiPM fibre readout (photon counting) 



Light Confinement 
Using high scattering (with low absorption) 
    preserves energy deposition information 

Transparent LS 
photomultipliers  
in the vessel wall 

Opaque LS 
Grid of WLS fibres + SiPMs  
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Figure 1: LiquidO Detection Principle and Imaging Capability. The energy deposition of a simulated 1MeV positron in a

LiquidO detector is used to illustrate the detection principle and imaging capability. The simplest configuration of detector geometry is

shown in (a). The bottom diagram shows how the green fibres run through the scintillator in parallel with the z-axis and the top plot

shows the x-y projection. The energy deposition of the positron is shown by the red point and the Compton scatters of the 0.51 MeV

back-to-back annihilation �’s by light and dark blues. One of the �’s (dark blue) turns upwards to run approximately parallel with

the fibres and this is reflected by its shorter extent in the x-y projection. In (b) the simulation of the light hitting each fibre in a

1-cm-pitch lattice is shown in two scenarios. On the left an opaque scintillator with a 5mm scattering length is simulated whereas on

the right the scintillator is transparent. The colour of each point represents the number of photons hitting a fibre at that x-y location.

With a transparent medium the resulting image from the fibre array is almost completely washed out. In stark contrast, the light

confinement around each energy deposition with the opaque scintillator allows preservation of the precious topological information and

the formation of a high-resolution image.

Scintillators used in modern neutrino experiments typically
have scattering lengths of up to tens of metres. Reducing the
scattering length down to the scale of millimetres causes the
light to be confined to a volume that is much smaller than the
typical physical extent of, for example, a 1 MeV �-ray event
whose energy is lost via Compton scattering. To extract the
light a lattice of wavelength-shifting fibres runs through the
scintillator. With a lattice spacing on the scale of a centime-
tre, prompt and e�cient light collection can be achieved and
absorption losses minimised. Many configurations of the fi-
bre lattice are possible, and in principle fibres could run in
all three orthogonal directions. In practice, fibres running in
only one direction might su�ce for most purposes.

Fig. 1(a) illustrates the detection principle using the sim-
plest configuration where the fibres all run along the z-axis.
The energy depositions from a simulated 1MeV e+ are shown.
The light captured by the fibres forms a two-dimensional (x,y)
projection of the ionisation pattern, which is shown in the
top plot of Fig. 1(a). Furthermore, by considering the di↵er-
ence in time of the light detection at the two ends of each
fibre, information about the position of light capture along
the length (z-coordinate) can be extracted. Fig. 1(b) shows
a simulation of the simple detector configuration where the
colour of each point shows the number of photons hitting a
fibre. On the left an opaque scintillator is simulated and on
the right the scintillator is transparent. The formation of the
light-ball around the position of each Compton electron can
be seen clearly for the opaque scintillator, whereas that pat-
tern is almost completely washed out in the transparent case.
Previous scintillator detectors aiming to address the MeV e+

topology have required fine segmentation. In contrast, the
LiquidO technique e↵ectively self-segments due to stochas-
tic light confinement. This eliminates the need to add dead
material (with associated potential radioactivity) to achieve
segmentation and therefore substantially reduces the cost and
complexity of producing scintillator detectors capable of high-
resolution imaging.

The development of the LiquidO approach builds on much
of the well-established technology of scintillator detectors,
including modern Si-based photo-sensors (SiPM) [10, 11],
wavelength shifting fibres and the organic scintillator mate-
rials themselves. The scintillator’s stable isotopes, consisting
mainly of H and 12C (98.9% natural abundance), are well
documented as neutrino interaction targets. The SiPMs have
high quantum e�ciencies of 50% and fast-time resolutions
of up to 100 ps per photon detected [12]. From our sim-
ulations, it is estimated that more than 90% (60%) of the
light will hit the fibres of a 1-cm-pitch lattice in a scintilla-
tor with an absorption length of 5m (1m). Compared to the
tens of metre long absorption lengths necessary for the largest
LSD based experiments, this represents a substantial reduc-
tion in the requirements for transparency. With a typical or-
ganic scintillator light yield of about 10 photons per keV [2],
and a wavelength shifting fibre acceptance of about 10% (the
main loss in detection [13]), the number of detected photons
is estimated to be a maximum of around 300 per MeV for
LiquidO. When scaling to larger detectors this amount will
reduce due to the several-metre attenuation lengths typical
of wavelength-shifting fibres. Less conventional scintillator
strategies could also work in LiquidO, such as water-based

3

Scattering enables Event Identification 

Opaque	medium	 Transparent	medium	

νe					e+	

																	5mm																											35m	
																								Scattering	length		

1	MeV				
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Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

powerful PID expected…
 64

(rather evident)

e+ e- γ

2MeV

Scattering enables Event Identification 

Single Site 
(e-, alphas,  
p-recoils) 

Positrons! Multiple Sites 
(gammas) 
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powerful PID expected…
 64

(rather evident)

e+ e- γ

2MeV

Scattering enables Event Identification 

In contrast, how do PMTs from vessel walls in transparent medium: 
mostly indistinguishable balls of light 
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Particle Identification 
e- / γ separation 

≥90%  
e- detection efficiency 
 
The γ,s interacting  
via photo-electric effect 
is not a limiting factor for LS 
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Example of background rejection capabilities: 
Double Chooz 
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Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

powerful energy flow… 59

pattern = energy flow (t→∞)

arrow: “energy flow”

Adding Time information      Energy flow 
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Opaque Liquid easier to produce 
New scintillator developed by MPIK based on  
admixtures of paraffin wax with LAB + PPO 

§  Its transparency and viscosity can be tuned by temperature adjustment  
-  Colorless transparent liquid at ~ 40◦C  
-  Milky wax structure < 20◦C  

§  Scattering lengths in the mm range without significant absorption  
§  Light yield losses are small  
§  Radiopurity estimates are promising  
§  Open the possibility of using techniques for high loadings which were rejected 
     from attenuation length limitations so far. 
 

30◦C	

C.	Palomares							 13	24/10/19	 Novel Opaque Scintillator for Neutrino Detection 
C.Buck et al.      arXiv:1908.03334 



Does it actually work? YES! 
µ-LiquidO 

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

μ-LiquidO prototype…
 75

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)

μ-LiquidO inside… 76

~5cm tall
(PMT face)

Mylar

3x fibres:
•fibre-0: 1.0cm
•fibre-1: 2.5cm
•fibre-2: 4.0cm

1 fibre only
(example)

2 scintillators
•LAB (transparent)+3g/l PPO
•new (LAB-based⊕opaque)

⦿e-

scintillator 
filled

e-	beam	from	SuperNEMO	R&D	

CENBG	(Bordeaux-France)	
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Does it actually work? YES! 
µ-LiquidO 

translucent	 transparent	

m
m
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Figure 3: LiquidO Experimental Proof of Principle. The left panel shows a diagram of the small prototype detector built for

the first experimental demonstration of LiquidO’s detection principle. 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 1MeV 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 [18]. 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 the low and high opacity samples have the same composition and only the temperature

was changed, 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.

in a LiquidO detector as sequences of point-like energy de-
positions. The expected millimetre precision tracking could
allow many cosmogenically-induced radioisotopes to be ac-
tively tagged and reduced with high e�ciency and a small
impact on detector exposure. Also, the tenfold quenching
of light production [2] from the high density ionisation of a
MeV-scale alpha or proton helps reduce those backgrounds to
identifying e+, e� and � particles above 1MeV. The longer
light emission profile (i.e. longer tail) from high density ioni-
sation allows pulse shape discrimination [19] of particles with
di↵erent masses, such as e�, ↵ and p+, with suitable scintil-
lator formulations.

A particularly promising avenue for exploiting the LiquidO
approach is where doping of the scintillator opens up the
possibility of new physics measurements. One of the ma-
jor challenges usually associated with doping LSDs is main-
taining the optical properties, including transparency, while
achieving the desired concentration of the dopant. In con-
trast, the LiquidO technique actually requires opacity to con-
fine the light and therefore allows for consideration of more
possibilities, be it to load new materials or to achieve higher
levels of doping. Examples of what can be achieved with a

doped scintillator are wide and varied. The original Cowan,
Reines et al. experiment used cadmium to e�ciently detect
neutrons and the LENS experiment concept involved using an
indium-doped liquid scintillator [20, 21, 22]. Several neutrino-
less double beta decay experiments use or propose doped scin-
tillators [23, 24, 25, 26] as the way forward to realise higher
isotopic masses. The strong precedent set by LENS with in-
dium suggests that loading at more than 10% for neutrino-less
double beta decay searches is a reachable objective.

First Experimental Proof of Principle

An experimental proof of principle for LiquidO has been suc-
cessfully completed with a small detector prototype. The
setup focused on demonstrating the primary feature of Liq-
uidO, which is the stochastic confinement of light. The test
was done with point-like e� energy depositions to demon-
strate the formation of the characteristic light-ball.

Well-established technological solutions were used in the
prototype for both the readout and the scintillator base. The
latter was formulated from transparent LAB with a PPO
wavelength-shifter at 2 g/l. The opacity was obtained in a

5

Does it actually work? YES! 
µ-LiquidO 
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LiquidO Features & Advantages 
Liquid	Scintillators:	

State of art LiquidO 
large large 
transparent opaque 
segmentation (optional) self-segmentation 
Background: much shielding Background: less shielding + EID 
low doping (optional) high doping (possible) 
readout inside readout outside 
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LiquidO Neutrino Physics 
§  Reactor neutrinos 
 
§  Neutrino less double beta decay 
  
§  Geo-neutrinos 
 
§  CP-violation using neutrinos from µ+ decay at rest 
	  
§  … and much more 
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Reactor anti-neutrinos 

νe p→ e+n

Anatael Cabrera (CNRS-IN2P3 @ LAL - LNCA)
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Unmistakable positron signature 
Effective BG suppression: 
Signal:BG ~1000:1 

§  θ13  precision ≤1% (today ~1.8%) 
§  Reactor monitoring at surface 
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Geo-neutrinos 

νe + Z+1
AY → Z

AX + e+ − (Eth <1.3MeV )

νe p→ e+n−1.806MeV

Possible first direct measurement of 40K (Eth<1.3 MeV) 
•  Several isotopes identified, 35Cl, 14N 
•  Single e+ signature 
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Neutrinoless ββ decay 

Isotope can be chosen 
High loading 
(enrichment no needed) 
High efficiency 
Low background 
	
	
	
Limitation: 
Energy resolution 
Fibre radiopurity 
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Neutrinoless ββ decay 

current limits 
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Neutrinoless ββ decay 

near future experiment 
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Neutrinoless ββ decay 

next future experiment 
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CPV with Decay @ rest neutrino 

§  # of νµ =#of anti-νµ 
§   Energy spectra are perfectly known 
§   No or small nuclear effect in detection. 
§   Baseline ~16km negligible matter effect 
§   Separation of νe and anti-νe necessary  
§   νe target is necessary  Pb Doping  
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Future Neutrino Physics Experiments 

Future neutrino physics experiments require kton-mass detectors 
 
LiquidO technology open the way to kton-scale detectors 
that become feasible in terms of cost and technical challenges 
 
 
LiquidO Challenges: 
Number of readout channels (>100k):  Usual in HEP detectors 
Opaque scintillator: Scintillator mistakes from the past can maybe now work! 
higher	light	yield	LS	formulation?	not considered because not transparent enough 

Fibres + SiPMs: Light collection efficiency, Timing, radiopurity need to be improved 
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LiquidO Detector Response 
More realistic simulation Hits/fibre             PE 

ideal	

Fibre Light detection efficiency 3% 
§  Probability to hit fibre 
§  WLS quantum yield 
§  Trapping acceptance 10% 
§  Fibre attenuation 

SiPM detection efficiency and  
dark noise added 
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CIEMAT expected contribution: 
Optical readout 

Fibres: 
Optimization in terms of capture efficiency and attenuation for near  
future demonstrators. 
R&D  to improve light yield and attenuation, decay time and radiopurity 

Fibre-SiPM connector and optical coupling 

Optimal readout scheme:  pitch, one-two readout ends, etc. 
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Mini- LiquidO Demonstrator 

fast SiPM electronics	

mini-LiquidO 

micro-LiquidO 
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5 ton LiquidO Demonstrator 

!	1.8	m	

2	
m
	

Why 5 ton detector? 
anti-ν detection           e+ containment  
(40%  fiducial volume)   
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5 ton LiquidO Demonstrator 

5	ton	

VETO	

Chooz-B	reactors	
8.4	GWth	

An active VETO surrounding the  
detector is included in the proposal 

Double	Chooz	ND	pit		
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5 ton LiquidO Demonstrator 

§  5-ton LiquidO Detector Construction 
§  Commissioning @LAL (Cosmic Ray) 
§  Data taking @LNCA 
									Proof-of-Principle	I									
	
§  Gradual ββ isotope loading 
									Proof-of-Principle	II:	ββ	detection	capabilities	

R&D	
Ø  Scintillator	&	Isotope	Loading	
Ø  Optical	Readout	System	

Proof-of-Principle:	reactor	ν	detection	EID	



Summary 

•  LiquidO technique        High resolution imaging 
    Identification of particles event-by-event 
•  LiquidO allows using dopants at unprecedented 

level 
•  Potential breakthrough  in neutrino physics. 

Some of which have remained elusive for 
decades 

•  A LiquidO Proto-Collaboration already exists 
    ~50 physicist, 20 institutes 

24/10/19	 C.	Palomares							 34	



24/10/19	 C.	Palomares							 35	


