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NuToPs
NuToPs is an ANR JCJC project involving APC Paris and IPHC Strasbourg (P.I. D.Franco from 
APC) aiming at the electron antineutrino tagging based on the ortho-Positronium (o-Ps) 
observation. 

Antineutrinos are typically detected observing the twofold coincidence between the prompt 
positron signal and the delayed neutron signal in the Inverse Beta Decay process:
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To reduce accidental (typically radioactivity γ’s + cosmic µ  induced neutron) and correlated 
(cosmic µ induced neutron giving proton recoil + absorption or cosmogenic isotopes such as 9Li) 
backgrounds, the detectors typically need underground locations and/or large active and 
passive shielding.

Can we reduce the background enhancing the signal over noise ratio using a threefold 
coincidence relying on o-Ps tagging?

Main NuToPs goal
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Positronium Formation
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Positronium Formation
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Figure 6: Color online. Ratio between the mean values of the
o-Ps and direct annihilation photon emission time distribu-
tions as function of the positron energy for PXE + 1.0 g/l
PPO, LAB + 1.0 g/l PPO, and PC + 1.5 g/l PPO, assuming
the scintillation decay constants from table III

particle [23, 24].

POSITRONIUM SIGNATURE

Beyond the necessity to minimize systematics in the event
reconstruction, the o-Ps induced pulse shape distortion po-
tentially provides a signature for tagging positrons, and
hence for enhancing the neutrino detection. Borexino and
KamLAND could directly benefit by a positron/electron dis-
crimination by enhancing the tagging and rejection of cos-
mogenic 11C �+decay, the main background component in
the pep and CNO solar neutrino energy window [12, 13].
Also ✓13 and geo-neutrino experiments could be advantaged
by discriminating cosmogenic 9Li and 8He �-neutron decays
which mimic the anti-neutrino signal.

In order to quantify the o-Ps and the direct annihilation
positron event discrimination, we simulate an ideal spheri-
cal detector (4 m radius), with 2000 photomultiplier tubes.
The simulation is Geant4 based. The cathode is a segment
of a 20 cm radius sphere. The scintillator is PC+1.5 g/l
PPO, and its properties are taken from F. Elisei et al. [26].
The scintillation photon yield is 10,000 photons/MeV. The
simulation includes optical e↵ects, like Rayleigh scattering,
absorption and re-emission, and reflections on cathodes and
on the spherical steel structure.

We simulated samples of 10,000 positron events, in the
detector center, directly annihilating or annihilating follow-
ing the o-Ps formation. Positrons, directly annihilating,
have the identical pulse shapes of equivalent electrons with
same energies plus 1.022 MeV, from annihilation gammas.
Positrons, in fact, thermalize in 300 ps, much faster than
the characteristic scintillation decay times, and gammas re-
lease energy mainly through Compton electron cascades. In
the simulation, positron energy varies from 0.1 to 5 MeV.
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Figure 7: Color online. Photoelectron time distributions from
an ideal 4 m radius detector, filled with PC+1.5 g/l PPO, for
0.5 MeV positrons directly annihilating (blue) and forming
o-Ps (red). The structure at ⇠60 ns is due to optical re-
flections on detector materials. Both the distributions are
normalized to 1 event.

To take into account the photomultiplier tube jitter, we
smeared the photoelectron time distribution by 1.4 ns and
we assume an ideal fast electronic chain based on 1 GHz
Flash–ADC. The photoelectron time distributions (figure 7)
are relative to the first detected photoelectron.
The pulse shapes di↵er particularly in the peak positions

and widths. We define a discrimination variable, ⇢, as the
ratio between the integrals of the distributions between [0–
18] ns and [18–60] ns. An example of ⇢ distribution for 0.5
MeV positrons is shown in figure 8. Even with a not sophis-
ticated estimator, the separation between the two samples
is clear: ⇢ from direct annihilation positrons is gaussian
distributed, centered in 0.76, while positrons following the
o-Ps decay have a broad distribution of ⇢, depending on the
o-Ps life time. Because of the already mentioned energy de-
pendence, we optimized the ⇢ < ⇢0(E) cut by varying the
⇢0(E) threshold with the requirement of 1% direct annihi-
lation contamination fraction. Results are shown in figure
9. The lower e�ciency detection at 100 keV, with respect
to the one at 500 keV, is due to the detector resolution.
With this technique, we demonstrate that an event by

event tagging of positrons is possible, with e�ciency as high
as ⇠25% at 0.5 MeV, equal to the detection e�ciency mul-
tiplied by the o-Ps formation probability. More sophisticated
algorithms can improve the positronium detection e�ciency,
providing a new signature for anti-neutrino experiments and
for background rejections in Solar neutrino experiments

CONCLUSIONS

In this paper we measured the o-Ps formation proba-
bilities and life times for the most popular organic liquid
scintillators used in neutrino experiments. All the scintilla-
tors are characterized by similar o-Ps properties, with ⇠3 ns

o-Ps observation

Despite the typical short lifetime of o-Ps in matter, the 
possibility to detect it in liquid scintillators (o-Ps lifiteme of 
the order of 3 ns) observing a pulse shape distortion was 
investigated (Phys.Rev. C83 (2011) 015504). 

The BOREXINO collaboration used this distortion to perform 
a  statistical separation of e+/e- to reduce the cosmogenic 
11C β+ background (Phys.Rev.Lett. 108 (2012) 051302 ). 

The Double Chooz experiment detected for the first time o-
Ps on event by event basis in electron antineutrino events 
observing multiple pulses in the pulse time profile (JHEP 
1410 (2014) 32) on a selected sample.
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MC study

Phys.Rev. C83 (2011) 015504 
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Figure 4: Three examples of o-Ps fit. The dashed blue line represents the fit of the first

time profile, the thin red line the fit of the second one and the thick black line is the total

fit.
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FIG. 2. Experimental distribution of the pulse shape param-
eter (black). The best-fit distribution (black dashed) and the
corresponding e� (red) and e+ (blue) contributions are also
shown.

shape, and spatial distributions of selected scintillation
events whose reconstructed position is within the fiducial
volume (FV), i.e. less than 2.8m from the detector center
and with a vertical position relative to the detector center
between -1.8m and 2.2m. We confirmed the accuracy of
the modeling of the detector response function used in
the fit by means of an extensive calibration campaign
with ↵, �, � and neutron sources deployed within the
active target [5].

The distribution of the pulse shape parameter (Fig. 2)
was a key element in the multivariate fit, where decays
from cosmogenic 11C (and 10C) were considered e+ and
all other species e�.

The energy spectra and spatial distribution of the ex-
ternal �-ray backgrounds have been obtained from a full,
Geant4-based Monte Carlo simulation, starting with the
radioactive decays of contaminants in the detector pe-
ripheral structure and propagating the particles into the
active volume. We validated the simulation with calibra-
tion data from a high-activity 228Th source [21] deployed
in the outermost bu↵er region, outside the active volume.
The non-uniform radial distribution of the external back-
ground was included in the multivariate fit and strongly
constrained its contribution. Neutrino-induced e� recoils
and internal radioactive backgrounds were assumed to be
uniformly distributed. Fig. 3 shows the radial component
of the fit.

We removed ↵ events from the energy spectrum by
the method of statistical subtraction [5]. We excluded
from the fit all background species whose rates were es-
timated to be less than 5% of the predicted rate from
pep neutrinos in the energy region of interest. Further-
more, we constrained all rates to positive values. The
thirteen species left free in the fit were the internal ra-
dioactive backgrounds 210Bi, 11C, 10C, 6He, 40K, 85Kr,
and 234mPa (from 238U decay chain), electron recoils
from 7Be, pep, and CNO solar neutrinos, and external
�-rays from 208Tl, 214Bi, and 40K. We fixed the con-
tribution from pp solar neutrinos to the SSM predicted
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FIG. 3. Experimental distribution of the radial coordinate of
the reconstructed position within the FV (black). The best-fit
distribution (black dashed) and the corresponding contribu-
tions from bulk events (red) and external �-rays (blue) are
also shown.

rate (assuming MSW-LMA with tan2 ✓12=0.47+0.05
�0.04,

�m2
12=(7.6±0.2)⇥10�5 eV2 [22]) and the contribution

from 8B neutrinos to the rate from the measured flux [4].
We fixed the rate of the radon daughter 214Pb using the
measured rate of 214Bi-214Po delayed coincidence events.
Simultaneously to the fit of events surviving the TFC

veto, we also fit the energy spectrum of events rejected
by the veto, corresponding to the remaining 51.5% of
the exposure. We constrained the rate for every non-
cosmogenic species to be the same in both data sets, since
only cosmogenic isotopes are expected to be correlated
with neutron production.
Fits to simulated event distributions, including all

species and variables considered for the data fit, returned
results for the pep and CNO neutrino interaction rates
that were unbiased and uncertainties that were consis-
tent with frequentist statistics. These tests also yielded
the distribution of best-fit likelihood values, from which
we determined the p-value of our best-fit to the real data
to be 0.3. Table I summarizes the results for the pep
and CNO neutrino interaction rates. The absence of
the solar neutrino signal was rejected at 99.97% C.L. us-
ing a likelihood ratio test between the result when the
pep and CNO neutrino interaction rates were fixed to
zero and the best-fit result. Likewise, the absence of
a pep neutrino signal was rejected at 98% C.L. Due to
the similarity between the electron-recoil spectrum from
CNO neutrinos and the spectral shape of 210Bi, whose
rate is ⇠10 times greater, we can only provide an up-
per limit on the CNO neutrino interaction rate. The
95% C.L. limit reported in Table I has been obtained
from a likelihood ratio test with the pep neutrino rate
fixed to the SSM prediction [9] under the assumption
of MSW-LMA, (2.80±0.04) counts/(day·100 ton), which
leads to the strongest test of the solar metallicity. For
reference, Fig. 4 shows the full ��2 profile for pep and
CNO neutrino interaction rates.

The estimated 7Be neutrino interaction rate is consis-

Phys.Rev.Lett. 108 (2012) 051302 
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Non-scintillating porous 
materials

Plastic scintillators

Liquid Scintillators

The short lifetime of o-Ps in actual liquid/plastic scintillators makes it difficult to use it as a 
background rejection tool on event by event basis. 

Our final goal is the enhancement of o-Ps lifetime and formation to make it a possible 
signature in a threefold coincidence for antineutrino detection (e.g. reactor monitoring or 
sterile neutrino search). 

To reach our goal we worked on:

o-Ps improvements needed

6

Study of o-Ps properties as a function of the 
solvents and of the dopers concentrations

Study of o-Ps properties in plastic scintillators 
and the possibility to enhance them doping the 
scintillator with nano cavities

Study of o-Ps properties enhancement in non 
scintillating porous materials for a sandwich-like 
detector
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We studied the effect of different concentrations of Gd, Nd, 
Te and Li in LAB based scintillators (Phys.Rev. C88 (2013) 
065502). 

Changing Gd and Nd concentration we observed a relative 
stable o-Ps lifetime and a formation fraction decrease as the 
concentration increases. 

Similar results were found for Li and Te.

4
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FIG. 3. Results for the o-Ps formation fraction for Gd (blue)
and Nd (red) dopers in LAB as a function of the doper con-
centration.

used in water solution due to its hydrophilic nature, with
the net result of a water fraction in the final scintillator
sample. In addition, the surfactant, a OH function group
that mixes the water and the LAB together, accounts for
about 29% of the fractional mass.
The final mixture contains also 3 g/L of PPO and
15 mg/L of bis–MSB.
As the fraction of water in the sample grows with the

Li concentration, each sample was tested with and with-
out Li in order to disentangle the effect of water on o-Ps
from the effect of Li.
It can be seen in Tab. III that the lifetime is almost con-
stant and unaffected by both Li and water. On the other
hand, the o-Ps formation fraction is strongly affected by
the presence of surfactant: even with the smallest con-
centration of water (0.24%) and no Li, it is at a level of
0.363, to be compared to about 0.54 in pure LAB for Gd
and Nd loaded samples (see Sec. IVA and IVB).

concentration of
Li water surfactant f τ3
[%] [%] [%] [ns]
0.01 0.24 29.93 0.363 ± 0.011 2.92 ± 0.04
0.05 0.97 29.68 0.353 ± 0.010 2.84 ± 0.03
0.1 1.99 29.39 0.346± 0.011 2.90 ± 0.03
0.35 6.7 28.02 0.323 ± 0.010 2.90 ± 0.03
0 0.24 29.93 0.380 ± 0.011 2.92 ± 0.04
0 0.97 29.71 0.367 ± 0.010 2.84 ± 0.03
0 1.99 29.42 0.351 ± 0.011 2.90 ± 0.03
0 6.7 28.12 0.344 ± 0.010 2.90 ± 0.03

TABLE III. Results for the o-Ps formation fraction and mean
lifetime in Li doped LAB samples, and in the same samples
without Li (same water concentration).

The trends of the o-Ps lifetime and formation frac-
tion as a function of the Li and water concentrations are

shown in Fig. 4 and 5 respectively.
The o-Ps formation fraction shows a trend similar to
that of Gd and Nd doped scintillators, with the prob-
ability decreasing with increasing doper/water concen-
tration. However, the impact of Li is rather weak since
we obtained a difference with respect to the same sam-
ple with no Li larger than the errors only at the highest
tested concentration (0.35%). This can be understood
considering that the effect of the surfactant is dominant,
making the effect of Li not significant.
In addition, the o-Ps formation fraction absolute reduc-
tion due to water/Li is at the level of ∼ 2% at the most
(see Fig. 5), whereas it is of the order of 15% for Gd and
Nd as dopers (see Fig. 3) with the tested concentrations.
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FIG. 4. Results for the o-Ps lifetime for Li in LAB as a
function of the doper and water concentration.
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FIG. 5. Results for the o-Ps formation fraction for Li in LAB
as a function of the doper and water concentration.

3

channels.
Since this value could not be measured with high preci-
sion in the experiment, the o-Ps formation fraction was
computed in the two extreme cases ϵ3 = 0 and ϵ3 = ϵ2.
The average of the two obtained values was taken as mea-
sure of f , while the difference was taken as contribution
to the systematic error (1.2%). Furthermore, another
component of the systematic error was estimated look-
ing at the discrepancies between the measurements of
the same sample (each one was measured three times):
this resulted in an error of about 1.3%.
The error budget on the o-Ps formation fraction includes
also a statistical component, given by the error propaga-
tion in Eq. 5, which is typically of the order of 0.6%. The
same was done for the lifetime evaluation where an error
of about 0.9% (corresponding to ∼ 0.03 ns) was found.
Moreover, an error of 0.3% on the time coming from the
setup calibration procedure is included.
To summarize, adding each error contribution quadrat-

ically the error on the o-Ps formation fraction obtained
is ∼ 1.9% whereas ∼ 1% error is obtained on its lifetime.

IV. RESULTS

A. LAB+Gd

The Gd doped sample is a LAB based scintilla-
tor mixed with 3 g/L of PPO, 15 mg/L of 1,4-Bis(2-
methylstyryl)benzene (bis–MSB) and Gd at a concentra-
tion varying from 0.01% to 0.45%.
The obtained scintillator, under minor modifications, is
the one typically used in reactor antineutrino experi-
ments, such as Daya Bay [9] and RENO [10].
As it can be seen in Tab. I, the o-Ps formation fraction

decreases as the Gd concentration increases, whereas the
lifetime is almost constant. It can be noted that when a
very small fraction of doper is added (0.01%) the forma-
tion fraction increases slightly with respect to the case of
pure LAB: this is a known effect as explained in Ref [15].

Gd concentration f τ3
[%] [ns]
0 0.544 ± 0.008 3.05 ± 0.03

0.01 0.554 ± 0.008 3.07 ± 0.03
0.05 0.540 ± 0.008 3.05 ± 0.03
0.08 0.537 ± 0.008 3.04 ± 0.03
0.1 0.529 ± 0.008 3.09 ± 0.03
0.45 0.406 ± 0.008 3.02 ± 0.03

TABLE I. Results for the o-Ps formation fraction and mean
lifetime in Gd doped LAB samples.

The trends of the o-Ps lifetime and formation fraction
as a function of the doper concentration are shown in
Fig. 2 and 3 respectively, directly compared with the
ones obtained using Nd as a doper (see next section).

B. LAB+Nd

The Nd doped sample is a LAB scintillator mixed with
2 g/L of PPO and a concentration of Nd ranging from
0.05% to 0.5%.
Until the very recent proposal to use Tellurium, such a
scintillator has been for a long time the best candidate
for the SNO+ experiment [7] in the search of the 0νββ
decay.
Similarly to the case of the Gd loaded scintillator, the

o-Ps formation fraction decreases as the Nd concentra-
tion increases, whereas the lifetime is almost constant
(see Tab. II).

Nd concentration f τ3
[%] [ns]
0 0.537 ± 0.013 3.15 ± 0.04

0.05 0.527 ± 0.013 3.11 ± 0.04
0.1 0.494 ± 0.013 3.17 ± 0.04
0.3 0.460 ± 0.013 3.15 ± 0.04
0.5 0.402 ± 0.013 3.15 ± 0.04

TABLE II. Results for the o-Ps formation fraction and mean
lifetime in Nd doped LAB samples.

As it can be seen in Fig. 2 and 3, o-Ps has a slightly
shorter lifetime (∼ 3%) in the Gd loaded scintillator than
in Nd loaded one. This could depend on the different
PPO concentration, although a previous work indicates
a longer o-Ps lifetime at higher PPO concentration [2],
or on the presence of bis–MSB in the Gd loaded sample.
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FIG. 2. Results for the o-Ps lifetime for Gd (blue) and Nd
(red) dopers in LAB as a function of the doper concentration.

C. LAB+Li

A different technique with respect to Gd and Nd is
needed to load LAB with Li in a stable way. Li has to be

Liquid scintillators

7

4

o-Ps Fraction
0.46 0.48 0.5 0.52 0.54 0.56

 [n
s]

τ

2.6

2.7

2.8

2.9

3

3.1

3.2

PXE

PC

LAB

OIL

PC+1.5 g/l PPO

Figure 4: Color online. Results of the o-Ps probability forma-
tion and mean life for the analyzed samples of scintillators.

The resulting mean life (3.03± 0.02 ns) is compatible within
2 � with the one reported in this paper, while we observe
a formation probability 5.2% larger. This small discrepancy
can be attributed to a not identical concentration of oxygen
[20] in the scintillator sample, or to di↵erent condition pa-
rameters, like temperature (the o-Ps formation probability
as function of the temperature has been discussed by B.
Zgardzinska et al. [21]), during the measurements.

o-Ps INDUCED PULSE SHAPE DISTORTION

Positrons and the following annihilation gammas, even
after o-Ps formation, can not be disentangled in large vol-
ume liquid scintillator detectors, like Double Chooz, Borex-
ino and KamLAND, by looking at the photon arrival times
in the photomultiplier tubes. Such experiments are, in fact,
characterized by time constants, like the fluorescence decay-
time (table III) and the photomultiplier tube time jitters,
typically longer than the delay between positron and anni-
hilation gamma emission.

However, the o-Ps formation can induce a significant dis-
tortion in the pulse shape of positrons. In the positron
detection, scintillator molecules are first excited by positron
interactions, and then by annihilation �–rays. If annihilation
passes through the intermediate o-Ps state, the annihilation
component is delayed, and the overall photon emission time
distribution (PETD) results as the sum of the two compo-
nents, as shown in figure 5 for 0.5 MeV positrons in PC +

Material f2 ⌧2 [ns]

PXE 0.466 ± 0.005 2.74 ± 0.03
LAB 0.542 ± 0.005 3.08 ± 0.03
PC 0.485 ± 0.005 2.96 ± 0.03
OIL 0.506 ± 0.005 3.04 ± 0.03
PC+1.5 g/l PPO 0.512 ± 0.005 3.12 ± 0.03

Table II: Final results for the o-Ps probability formation and
mean life for the analyzed samples of scintillators.

Photon emission time [ns]
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-410

-310

-210
 induced photonsγ + +e
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 induced photonsγ

Figure 5: Color online. Simulation of the photon emission
time (black line) induced by 0.5 MeV positrons, all forming
o-Ps, in the PC+1.5 g/l PPO scintillator. The scintillation
components, due to positron (blue) and o-Ps decay �’s (red),
are shown separately.

1.5 g/l PPO, annihilating after o-Ps formation. The cor-
respondent PETD deformation, with respect to the direct
positron annihilation case, is dominant in the first 30 ns.

The distortion is energy dependent, since the amplitude of
the first component is proportional to the positron energy,
while the gamma component has fixed energy. To study
such dependency, we simulated positrons with energies from
0.1 to 5.0 MeV. The ratio (R) of the PETD mean values
between the o-Ps and the direct annihilation cases, is plotted
in figure 6. It is notable that the deformation of the time
distribution is larger for lower energy positrons, where R can
reach up to ⇠1.6. At higher energies, the distortion reaches
a plateau, with o-Ps PETD mean values shifted up to 10%,
depending on the scintillator composition.

In neutrino experiments, the o-Ps induced PETD defor-
mation can have an impact on several algorithms for the
event reconstruction and discrimination. For instance, the
position reconstruction algorithms (e.g. O. Smirnov [22])
strongly depends on the first (t<30 ns) detected photo-
electrons. A bias in the position reconstruction can induce
a further bias in the event energy reconstruction, since the
light collection on the photomultiplier tubes depends on the
reconstructed position. Also algorithms for particle discrim-
ination in liquid scintillators can be strongly a↵ected, since
they rely on the dependence of fast and slow portions of
the scintillation pulse on the energy loss of the interacting

Scintillator ⌧1 ⌧2 ⌧3 N1 N2 N3

[ns] [ns] [ns] % % %

PC + 1.5 g/l PPO 3.57 17.61 59.9 89.5 6.3 4.2
PXE + 1.0 g/l PPO 3.16 7.7 34 84.0 12.0 2.9
LAB + 1.0 g/l PPO 7.46 22.3 115 75.9 21.0 3.1

Table III: Scintillator decay time constants (⌧i) and ampli-
tudes (Ni) for � particles for PC+1.5g/l PPO [23], PXE +
1.0 g/l PPO [25], LAB + 1.0 g/l PPO [25]

Different solvents were studied: PXE, PC, oil and LAB. 

A maximum difference of 0.4 ns on the o-Ps lifetime and 8% 
on the formation fraction were found changing solvent 
(Phys.Rev. C83 (2011) 015504).

Phys.Rev. C83 (2011) 015504 Solvents

Dopants Phys.Rev. C88 (2013) 065502 

No liquid scintillator showed enhanced o-Ps lifetime larger 
than 3.2 ns
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Plastic scintillators
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Standard plastic scintillators were measured, in particular EJ200 from Eljen (equivalent of 
BC-408 from St.Gobain) yielded an o-Ps lifetime of 2.2 ns and a formation fraction of about 
40%.

The lifetime is definitely too short to be exploited for o-Ps 
tagging. However it is known that the o-Ps lifetime is 
strongly dependent on the cavity dimensions in the material 
(Tao-Eldrup model). 

We investigated the possibility to dope polystyrene with 
different mesoporous silica nanoparticles with pore sizes 
between 2 and 10 nm (nanoparticles produced by Sudan 
University Shanghai, and incorporated into polystyrene by 
University of Bradford UK).

Unfortunately all the samples tested showed no significant enhancement of the o-Ps 
lifetime (density of pores too low to have a high fraction of o-Ps trapped inside) whereas the 
optical transparency of the scintillator was strongly degraded. 

o-Ps lifetime Vs pore diameter
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Non-scintillating porous materials
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Given the deceiving results obtained on the studied material 
we investigated the possibility of using a segmented 
detector based on layer of standard plastic scintillator 
interleaved by a non-scintillating porous material with a 
high o-Ps formation fraction and lifetime. 

We studied several non-scintillating porous material looking for 
the best compromise between o-Ps lifetime, o-Ps 
formation fraction, and density (the highest the density the 
largest the probability for the positron to stop in the passive 
material.

Non3scintillating'
porous'material

Plastic'scintillator

Gd3loaded'
mylar'foil

νe
e+

n

Materials Maximal o-Ps 
formation 
fraction

Respective 
o-Ps lifetime Notes

Silica aerogel 
based 29.6 ± 1.9 % 58.8 ± 0.7 ns Commercial 

Cabot 
aerogelNanoporous 

silica based 20.8 ± 1.5 % 46.3 ± 0.5 ns Produced by 
IS2M 

MulhouseSyndiotactic 
polystyrene 6.9 ± 0.6 % 44.3 ± 1.3 ns Produced by 

ICS 
StrasbourgPorous 

glasses 6.2 ± 0.5 % 56.6 ± 1.8 ns Commercial 
Schott 

CoralPor

Aerogel seems the best material but it is 
very fragile and expensive (about 200$ 
for 5 x 7.5 x 0.7cm3 tile) therefore not 
suitable for a large detector. 

However, Lumira aerogel particles are 
cheap (about $450 for 20 liters) and have 
similar properties: 
o-Ps lifetime = 60.2 ± 2.6 ns 
o-Ps formation fraction = 25.7 ± 2.6 %

Detection principle
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Segmented detector
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We studied the possibility to use a segmented sandwich detector made of layers of plastic 
scintillator bars and layers of aerogel powder for antineutrino detection (paper in preparation).

Thick EJ200 bars
Large mass, i.e. more neutrino interactions. 

Higher gamma detection efficiency.

Thick aerogel layer Higher fraction of positrons stopping in aerogel i.e. 
higher o-Ps formation.

Advantages

Advantages

In  particular we considered about 1 m3 detector with EJ200 plastic scintillator bars of 100 x 0.5 
x 2.5 cm3 and aerogel layers with a thickness of 3 cm where the thicknesses were “optimized” 
via MC simulation to yield the largest fraction of antineutrino detected.  

NOTE that the following results are preliminary and a full MC with a complete parameter scan 
for a better detector optimization is ongoing.  

To prove the feasibility two critical points were addressed:  

1. The optics i.e. which is the light yield achievable. 

2. The number of channels is large using 1 PMT at each bar extremity (about 2200). Can it be 
reduced grouping the bars in modules? If so do we have the time resolution to observe 
o-Ps in one module?
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EJ200 light yield
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The light yield measurements were carried out using a smaller bar (30 x 1 x 2.5 cm3) wrapped 
into a reflecting mylar foil. 

The bar was coupled to two fast Hamamatsu 19 mm PMTs (R3478). 

Three different PMT couplings were tested.

Figure 4. Different configurations tested to measure light yield and signal time res-
olution of the scintillator bars. The PMTs are shown in black, green/blue lines
represent wavelength shifting/quartz fibers respectively, and the scintillating bars
and light guides are shown in grey.

3.2 Scintillator properties

The scintillation properties of the active layers components, in particular the
light yields and the signal shape (namely for the time resolution), are critical
to assess the performance of the detector. These two aspects are crucial for
event selection and to understand how well we can separate the first positron
signal from the delayed gammas issued by the o-Ps decay.
As a scintillator the EJ200 from Eljen (equivalent to BC-408 from St.Gobain)
was selected, since it is a fast and inexpensive commonly used plastic scintil-
lator.
The first tests were performed using a bar of 10 × 25 × 300 mm3 wrapped
in a reflecting mylar coating. To detect the scintillation light two fast 19 mm
Hamamatsu PMT (R3478 in the configuration H6612) were used, with an high
voltage tuned to have a gain of 5× 106.
To measure the light yield we used vertical cosmic muons (selected by addi-
tional counters in coincidence) which release on average 2 MeV in the 1 cm
thick bar.
The first measurement was performed coupling the PMTs directly to the scin-
tillator bar (see Fig. 4 setup A) and a total light yield of 300 photo-electrons
(p.e.) per MeV was obtained. The signals are quite fast and the spread of the
time difference between the two PMTs is of ∼ 300 ps. The measured time shift
related to the position is ∼ 80 ps per cm which means that a longitudinal (i.e.
along the scintillating bar) reconstruction of the event position is possible with

7

To reduce the number of PMTs fibers + multi channel PMT can not be used 
  

The only solution is the optical clusterization of bars

PMT couplings
Direct coupling :  

∼ 300 p.e. per MeV

Wavelength shifting fiber coupling coupling :  
∼ 40 p.e. per MeV

Light guide with quartz fiber coupling :  
< 3 p.e. per MeV
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Time resolution
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To have a bar optical clusterization we need to make sure that we have the needed time 
resolution to observe o-Ps signal in a cluster. 

Using a 500 Bq 22Na source in aerogel, we observed on a single bar the time difference between 
the positron emission (1.27 MeV gamma emitted in the Na decay) and the o-Ps decay (one of 
the 511 keV gamma). 

To select the signal we used appropriate energy thresholds and the coincidence was looked for 
in a time window between 20 and 450 ns.

o-Ps coincedence signal
Entries  3532
Mean    92.74
RMS     75.39
Underflow       0
Overflow        0
Integral    3532

 / ndf 2χ  118.2 / 80
Prob   0.003535
p0        11.8± 343.4 
p1        1.75± 65.76 
p2        0.336± 1.082 
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Entries  3532
Mean    92.74
RMS     75.39
Underflow       0
Overflow        0
Integral    3532

 / ndf 2χ  118.2 / 80
Prob   0.003535
p0        11.8± 343.4 
p1        1.75± 65.76 
p2        0.336± 1.082 

Figure 6. Time difference between the 1.27 MeV gamma emitted in the 22Na, and
511 keV gamma issued by the o-Ps decays. The red line represents a fit with a double
exponential function.

0.7% that was obtained computing the single rate of each signal and the prob-
ability to have a coincidence in the selected time window of 430 ns.
The clear demonstration of our capability to measure the prompt and delayed
signals due to o-Ps in a single bar opens the way for a clusterized detector
with several bars read by the same PMT.

3.3 Module optical studies

Considering a clusterized detector made of modules, such as the one shown in
Fig. 5, efforts were made in order to obtain the highest possible light yield.
We opted for a 3-inch PMT coupled to the scintillator bars of the module
through a light guide. With this configuration the light guide covers on one
side the surface given by 9 bars (i.e. 75×75 mm2) and on the other side it has
a surface of 53 × 53 mm2 to match the PMT photocathode. The light guide
height of 51 mm was optimized in order to provide the lowest photon loss. A
coating of reflective mylar was used to wrap the light guide as was done for
the scintillating bars. In addition, reflecting strips were applied on the part of
the surface in contact with the Aerogel.
The choice of the PMT, a 9821B Electron Tube, was mainly motivated by its
fast single photoelectron rise time of 2.1 ns.
The light yield was measured using a full length EJ200 scintillating bar of
10 × 25 × 1000 mm3 and coupling the light guide and the PMT on one side
(the high voltage applied corresponded to a gain of 4.9 × 106). An electron
spectrometer [11] was used in order to have an energy deposition of about
1.8 MeV and an error on the position of less than 1 cm, with a much higher
signal rate than what can be obtained using cosmic muons.

9

The distribution of the time difference between the 
two signals was fitted with a double exponential 
(signal + accidental). 

A τ  of 65.8 ± 1.8 ns was found in reasonable 
agreement with the measured o-Ps lifetime of 60.2 
± 2.6 ns. 

The fraction of accidental (2.7 ± 1.9%) is also in 
agreement with the expected 0.7% computed from 
singles rates.

This shows that we can see o-Ps in a single cluster

o-Ps decay time in a single bar
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Module light yield
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We grouped 9 bars in one module. 

A light guide is used to go from the 7.5 x 7.5 cm2 
section of the module to a surface of 5.3 x 5.3 cm2 
which is directly coupled to a 3 inch PMT (9821B 
Electron Tube). 

The light yield for each bar position was measured 
with and without reflecting film between aerogel and 
light guide. 

The obtained light yield shows that a modular readout can be used

Figure 5. Module of 9 scintillating bars read by a single PMT on each side.

a precision of the order of 5 cm.
Coupling the PMTs directly to the scintillator results in an acceptable light
yield, nonetheless the number of readout channels (2238 in the proposed con-
figuration of Sec. 4) and the cost of the PMTs would definitely be a limitation
for such a detector. To overcome this problem we investigated the possibility
to measure the scintillation light either with fast wavelength shifting fibers
(BCF-92MC from St.Gobain) glued in a specially machined groove along the
bar (Fig. 4 setup B), or with clear quartz fibers inserted at the end of light
guides coupled to the bar extremities (Fig. 4 setup C). This would reduce the
number of channels if several fibers can be attached to the same multi-anode
PMT. Unfortunately the reduction was much larger than expected: the num-
ber of p.e. per MeV is ∼ 40 for the configuration using the wavelength shifting
fiber, and below the detection threshold of a few p.e. using the clear quartz
fiber.

Another possible solution to reduce the number of readout channels and PMTs
is to read 9 scintillation bars with a single PMT coupled to a light guide, as
shown in Fig. 5.
For the cluster configuration to be usable, the possibility to discriminate be-
tween the positron ionization and the o-Ps decay gammas has to be proven,
when the two signals are measured by the same PMT (i.e. they are in the
same cluster of bars). Using a very low activity (500 Bq) 22Na source placed
in Aerogel, we observed with a single 30 cm scintillating bar, directly coupled
to a PMT at each extremity, two signals: the 1.27 MeV gamma emitted in
the Na decay process, and one 511 keV gamma issued by the o-Ps decay. To
select the two signals, appropriate energy thresholds were applied, and a time
window between 20 and 450 ns was used for the coincidence search. The time
interval between the two signals, corresponding to the o-Ps lifetime, is shown
in Fig. 6. The data were fitted with a double exponential function: the first
exponential corresponds to the o-Ps decay whereas the second one is due to
the accidental rate.
The fitted o-Ps lifetime of 65.8 ± 1.8 ns is in reasonable agreement with the
previously measured value of 60±3 ns (see Sec. 3.1). Given the extremely low
activity of the Na source, the accidental component is weak and it accounts
for only 2.7±1.9% of the events. This value is in agreement with the expected

8

Bar clusterization into modules

Not in scale

Plastic scintillator bars

A re a o f c o n t a c t 
between aerogel and 
light guide which can 
be covered w i th 
reflecting film

Light guide

Scintillator 
bar position

Reflecting 
film

p.e. per 
MeV

Reduction 
w.r.t. 

maximum

Center yes 272 -

Center no 246 10%

Top/Bottom yes 252 7%

Corner yes 232 15%

Side yes 228 16%
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Detector layout
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Further MC optimization were performed to 
maximize the gamma’s detection (both from o-Ps 
and neutron capture). 

We considered a Gd doped mylar reflecting foil 
wrapping the scintillator bars to enhance neutron 
capture signal. 

Blocks of thick plastic scintillators of 10 x 10 x 100 
cm3 were added around the detector, and 
interleaved to the optical modules each 3 optical 
modules. 

Total volume = ∼ 1.6 m3 (135 x 100 x 120 cm3) 
Effective volume (modules) = ∼ 0.9 m3 (94.5 x 100 x 97.5 cm3) 
Effective mass (plastic bars) = 135 kg 

Number of modules = 117 
Number of bars = 1053 
Number of modules PMT = 234 

Number of thick bars = 66 
Total number of PMTs= 366

The detector in a few numbers
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Selection cuts
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To study signal and background efficiencies we simulated antineutrino IBD interactions inside the 
plastic bars, and mono energetic neutrons (1 MeV - 10 GeV range) and gammas (1 MeV - 10 
MeV range) assuming the angular dependence at the Earth surface. 

We optimized the cuts for a maximal IBD signal acceptance and background rejection.

Cut Threefold Coincidence

General Only modules with at least 4 p.e. are considered.

Positron Signal between 50 and 1200 p.e. in less than 10 ns. 
No more than two adjacent modules.

o-Ps
Signal between 50 and 200 p.e. between 10 and 300 ns.  

At least two modules.  
All modules triggered in a window of 10 ns. 

At least two modules in opposite hemispheres.

n+Gd
Signal between 50 and 2000 p.e. in between 1 and 150 µs. 

At least two modules.  
All modules triggered in a window of 10 ns.
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Twofold comparison
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To compare the performance of the threefold to the twofold coincidence in a fair way we 
considered a detector optimized to observe antineutrinos tagging the twofold coincidence of IBD 
in plastic scintillator i.e. a PANDA-like detector (Nucl.Instrum.Meth. A757 (2014) 33-39). 

We assumed 1 m3 detector made of 100 scintillator bars 10 x 10 x 100 cm3 each, coupled to the 
PMTs through light guides. 

Such a geometry was coded in the same MC we used for our proposed detector and  the cuts 
were optimized for a maximal IBD signal acceptance and background rejection based on the 
PANDA analysis.

Cut Twofold Coincidence

Prompt

All signals in 1 µs. 
Total energy between 1.2 and 10 MeV. 

Highest bar energy smaller than 6 MeV. 
Second highest bar energy between 0.2 and 0.5 MeV.

n+Gd

All signals between 6 and 200 µs. 
Total energy between 3 and 8 MeV. 

Highest bar energy smaller than 5 MeV. 
Second highest bar energy larger than 0.5 MeV.
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Background rejection
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The fraction of neutrons selected as IBD was computed as 
a function of their energy. 

For the threefold coincidence, we have a rejection power 
larger by a factor of 500 to 1000 depending on the energy 
with respect to the twofold coincidence.

For the gammas we computed the fraction of events giving 
a “prompt-like” signal, since this is important in accidental 
background whereas the neutron absorption on Gd in 
coincidence is identical for the twofold and threefold 
coincidence. 

For the threefold coincidence, we have a rejection power 
larger by more than 1200 below 5 MeV with respect to the 
twofold coincidence.

Neutrons

Gammas
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Signal efficiency
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The signal efficiency is unfortunately quite low: about 1.2 % with the threefold coincidence. 

For a comparison the efficiency of the twofold coincidence is about 15%. 

The major reduction comes from the positrons stopping in aerogel and the o-Ps formation, and 
not from the selection algorithms.

Efficiency Total efficiency

Positrons stopping in 
aerogel

23.4% 23.4%

Positrons forming o-Ps 26% 6.1%

o-Ps decaying after 10 
ns

85% 5.2%

Fraction of n captured 
on  Gd

92.9% 4.8%

o-Ps detection  
(algorithm selection)

50% 2.4%

n+Gd detection  
(algorithm selection)

49.2% 1.2%

Intrinsic efficiency

Selection efficiency

The efficiency x mass per unit volume must be increase to be competitive to “standard” 
detectors
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Conclusions
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The possibility to use o-Ps formation signature in IBD events to detect antineutrinos was 
investigated. 

Studies on o-Ps formation fraction and lifetime were carried out on liquid and plastic scintillator 
as well as on passive porous materials. 

Given the results and the actual materials available the optimal solution so far is a sandwich 
detector made of active layers of plastic scintillator and passive layers of aerogel. 

Dedicated measurements on the optics and time resolution achievable were carried out to 
prove the feasibility of such a detector. 

Full MC simulations were developed to compare the physics potential of the threefold 
coincidence with respect to the twofold one. 

The proposed detector could reduce the background by about three orders of magnitudes 
with respect to detectors using the standard twofold coincidence (comparison carried out at 
equal volume and no shielding). 

The weakness of the proposed technique is the low antineutrino detection efficiency at the 
level of 1.2%. 

To competitively build a detector based on the proposed technique improvements would be 
needed on the material side to enhance the fraction of formed o-Ps.


