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Abstract

The Cherenkov effect, whereby a charged particle emits light when traveling faster than the
phase velocity of light in a dielectric medium, is widely employed in particle identification
techniques. However, Cherenkov light yield is relatively low, typically amounting to only
100-200 visible photons per centimeter of path length in materials like water, plastic, or
glass. In this study, we investigate the optical response of FB118, a wavelength-shifting
(WLS) plastic developed by Glass to Power, under exposure to ionizing particles. Our
measurements confirm the absence of residual scintillation in FB118, allowing for a clean
separation of Cherenkov signals. Moreover, the intrinsic WLS properties of the material
enable a significant enhancement of light detection in the visible range. These features
make FB118 a promising candidate for use in compact Cherenkov detectors, particularly
in astroparticle physics experiments where space and power constraints demand efficient,
compact solutions.
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1. Introduction

The Cherenkov effect occurs when a charged particle travels through a dielectric
medium at a velocity exceeding the speed of light in that medium. This phenomenon leads
to the emission of coherent electromagnetic radiation, forming a characteristic light cone.
The emission angle ¢ relative to the particle trajectory depends on the particle’s velocity
v = Bc and the refractive index # of the medium, as given by
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The spectrum of emitted photons per unit path length, A, is described by the
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where z is the particle charge. Above the threshold velocity By, the number of pho-
tons increases almost linearly, and their spectrum is strongly peaked in the ultraviolet
(UV) region.

Cherenkov radiation is widely used in many fields. As a non-invasive probe of particle
velocity, it enables particle identification in high-energy physics via measurements of the
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Cherenkov cone aperture and the number of detected photons. A major limitation, however,
is its relatively low light yield: for a relativistic z = 1 particle crossing dense media such
as water, plastic, or glass, only about 100-200 photons per centimeter are emitted in the
visible spectrum. The large fraction of Cherenkov emission in the UV range is typically lost
due to self-absorption in the medium and reduced detector efficiency at short wavelengths.

A well-established method to enhance light collection efficiency is to dope water
or plastics with wavelength-shifting (WLS) fluors, which convert UV photons to visible
light [1,2]. Examples include the use of 1,4-Bis(2-methylstyryl)benzene (bis-MSB) in WLS
coatings [3], WLS plate collectors [4], and doped acrylic Cherenkov modules such as those
in the SuperTIGER detector [5]. However, the isotropic re-emission typical of WLS materials
prevents their use in Ring Imaging Cherenkov (RICH) detectors, where the directional
information is essential.

An important characteristic of a Cherenkov radiator is the absence of residual scin-
tillation. Some commercial WLS plastics, such as EJ-286, are known to produce residual
scintillation light [6,7].

In the framework of the PHeSCAMI project [8,9], we selected a material produced by
“Glass to Power” [10] as a highly efficient WLS material for multi-stage UV conversion [7].
This material, polymethyl methacrylate (MMA) doped with 2,5-Bis(5-tert-butyl-benzoxazol-
2-yl)thiophene (BBT, [11]), named FB118, exhibits high UV-to-visible conversion efficiency,
making it a promising candidate for high-performance Cherenkov radiators. Preparation
details and optical characterization of FB118 are reported in [7].

In this article, we present a characterization of the FB118 response to ionizing radiation.
We summarize measurements aimed at determining its Cherenkov light yield and at
verifying the absence of residual scintillation, and we discuss its potential applications in
compact detectors for astroparticle physics.

2. Test of Scintillation in FB118

We compared the light output of an FB118 sample (9 x 4 x 1 cm®) with that of an
EJ-200 plastic scintillator of identical dimensions. Two test setups were employed: one
for charged particles and one for gamma rays. In both configurations, the samples were
optically coupled to the same Hamamatsu R5946 photomultiplier tube (PMT).

The charged particle setup (Figure 1A) consisted of a telescope of two EJ-200 scintilla-
tors (Trigger1 and Trigger2) used to tag atmospheric muons traversing the FB118 or EJ-200
sample avoiding the readout PMT. The same configuration was used at the Trento Proton
Therapy Center with a proton beam (74-225 MeV) perpendicularly aligned to the center of
Triggerl and Trigger2. Since the setup was externally triggered, no amplitude threshold
was applied to the signals from the FB118 or EJ-200 samples.

Figure 2 (top) shows that the EJ-200 response to muons and protons follows expecta-
tions from the Bethe-Bloch formula: the energy deposition increases for slower particles.

In contrast, FB118 data (bottom) show negligible signals for protons, indicating no
significant scintillation response. This confirms that FB118 light output is dominated by
Cherenkov radiation, whose threshold for protons in FB118 (y ~ 1.5) is about 320 MeV.
Table 1 lists the most probable values (MPVs) of signal amplitudes under the different
test conditions.

The light-yield ratio between EJ-200 and FB118 for muons is 9.1 & 0.6(t) + 2 5(syst),
with systematic uncertainties derived from variations in PMTs, bias voltages, and
optical couplings.
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Figure 1. Photographs of the two test setups: (A) charged particle setup; (B) gamma-ray setup.
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Figure 2. Amplitude distributions for protons and p with EJ-200 (top) and FB118 (bottom). Continu-
ous lines are Landau/Gaussian fitting functions to determine MPV values.

Table 1. MPVs of signal amplitudes for protons and y in EJ-200 and FB118.

Particle p 74 MeV p 83 MeV p 100 MeV p 225 MeV p

MPV EJ-200  9.04 +0.08 8.25£0.04 742 £0.05 3.55£0.06 20+£0.1
MPV FB118 0.001 £0.003 0.014 £0.001 0.024 £0.001 0.018 £0.003 0.22+£0.01

The gamma-ray setup (Figure 1B) employed an 8 g LYSO crystal as a source of gamma
rays from the internal 7°Lu radioactivity (mainly 202, 307, and 401 keV). Coincidences
between LYSO and the FB118/EJ-200 samples were used as triggers. Additional measure-
ments were performed using an external ®*Co source, which provides 1173 and 1332 keV
rays. Due to the low atomic numbers of both plastics, only Compton recoils contribute to
the signal, producing continuous spectra. The LYSO source mainly generates sub-threshold
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electrons (the Cherenkov threshold for electrons in FB118 is ~170 keV), whereas ®°Co
generates a larger fraction of above-threshold electrons.

Figure 3 confirms that FB118 responds more strongly to the higher-energy Compton
electrons from 0Co, consistent with Cherenkov emission being dominant.

By comparing EJ-200 signal amplitude distributions with the FB118 ones, the ®°Co
data constrain the residual scintillation yield of FB118 to be less than 10% of that of EJ-200.
The LYSO test suggests it is up to 30 times lower, while proton-beam data indicate a fraction
below 0.3%.
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Figure 3. Gamma-ray signal amplitude distributions. FB118 (shaded) shows a significantly reduced
response compared to EJ-200 (empty).

Using the known EJ-200 light yield (~10,000 photons/MeV), the u-test results indicate
that FB118 produces ~200 visible photons/mm via Cherenkov radiation. This notably
high yield likely arises from FB118’s capability to absorb UV photons and re-emit them
efficiently in the visible range.

3. Test of Velocity Measurement with FB118

The capability of FB118 to measure the particle velocity thanks to Cherenkov emission
was tested. In particular, we implemented a Time-of-Flight (ToF) detector using six layers
of EJ-200 scintillators (30 x 25 x 1 cm?): three layers placed on the floor and three on the
roof, separated vertically by 5.1 m (see Figure 4).

5.1m ToF

Ly = j

Figure 4. Schematic of the Time-of-Flight system used to compare the velocity measured via FB118

Cherenkov light emission with that obtained directly from the time delay between the top and bottom
EJ-200 scintillator layers.
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The data acquisition system, based on a CAEN DT5742 5 GS/s Switched Capacitor
Digitizer, allowed measurement of the inverse particle velocity 1/ B1or with a resolution of
about 8%. This resolution was dominated by variations in the propagation time of scintilla-
tion light within the EJ-200 pads, induced by the random impact position of the particles.

In the middle of the ToF system, we placed a Cherenkov detector based on FB118
(see inset of Figure 4). The detector was assembled by stacking four FB118 layers
(24 x 24 x 1 ecm®) and coupling them to six Hamamatsu R5946 PMTs. The system was
installed indoors and recorded 11.3k triggers, mostly from relativistic atmospheric muons.
The 1/ B1or measurement identified a ~2% fraction of slow, sub-threshold particles.

Figure 5a shows the average signal amplitude from the EJ-200 scintillator pads as
a function of 1/B1or. The continuous black line represents the expected trend from the
velocity dependence of the Bethe-Bloch energy-loss formula. Figure 5b reports the average
Cherenkov signal amplitude from FB118, with the continuous line showing the expectation
from the Frank-Tamm relation (Equation (2)). As expected, no Cherenkov signal is observed
for slow particles (1/Btor > 1/ Bwne = 1, vertical dashed line).

— 120 — 200
3 5
= a) & n=15 b)
g o Cherenkov
5 2 hreshold
@ Bethe-Bloch I thresho
= ©
o | © |
S a0 =
L L \ o L
S 100

60

40~ “w . [
L - \ . 50—

slow particles
no Cherenkov

sl ¢ : slow particles i
M large dE/dx RENCL . ol N
0= TR i T
7\ 11 ‘ L ‘ 1 L | ‘ L1 | I - Ly ‘ L1 ' Ll 11 | L1l { L1
0.5 1 1.5 2 25 3 0.5 1 1.5 2 2.5 3
1 VPree

Figure 5. (a) Amplitude of the scintillation signal from EJ-200 as a function of inverse particle velocity
measured via ToF. The continuous line shows the Bethe-Bloch expectation. (b) Amplitude of the
Cherenkov signal from FB118. The continuous line shows the Frank-Tamm prediction. No Cherenkov
signal is observed for particles slower than the threshold (1/ B, = 7, vertical dashed line).

Figure 5 also illustrates the potential of a high-efficiency Cherenkov radiator such as
FB118 for use in compact detectors for astroparticle physics. In particular, ToF detectors are
typically excluded from most astroparticle experiments due to stringent requirements on
compactness and power consumption. When relying solely on scintillator signals, slow
particles are difficult to distinguish from the Landau tail generated by the dominant flux
of fast particles, as illustrated in Figure 5a. In contrast, the horizontal dashed blue line
in Figure 5b shows that a selection based on the Cherenkov signal is highly effective in
identifying slow particles.

This is summarized in the left panel of Figure 6, where the selection of FB118 signals
below 0.25 of the saturation level (red-filled histogram) efficiently identifies slow particles,
with only a small contamination (~1.5%) from relativistic (MIP) events. This selection
corresponds to B < 0.7, which, for protons, identifies kinetic energies below 400 MeV. Such
a capability, achievable including an FB118 layer, would be of great interest for compact
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experiments such as NUSES/Ziré [12], enabling simple electron-hadron separation in
cosmic rays.
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10°%F

— No cuts

l FB118<0.25MIP

18>14
Ekln < 400MeV/In

FB118 signal [au]

102§

10

EJ200 signal [au]

2

1/[3 - i ; ’ [ j i 2.4

ToF 1/|3_roF

Figure 6. Performance of FB118 velocity measurements. (Left) Selection of FB118 signals below 0.25
of the saturation (MIP) level identifies mainly slow particles (red-filled). (Right) Signal distributions
normalized in slices of 1/ B1,F; red lines define the 68% signal amplitude probability contours. (Right,
top panel) Velocity dependence of FB118 signal follows Frank-Tamm prediction. (Right, bottom
panel) Velocity dependence of EJ-200 scintillation signal follows Bethe-Bloch prediction. Combining
the complementary information from the two detectors allows a measurement of particle velocity
with ~20% resolution, without the need for a ToF system.

Similarly, future large-scale experiments proposed to identify stopping antinuclei in
cosmic rays [13] will face relatively high trigger rates due to relativistic cosmic-ray protons
and electrons. Using FB118 as a veto to select slow particles at trigger level could reduce
this rate by about one order of magnitude.

Finally, the Bethe—Bloch relation allows the determination of particle velocity in the
non-relativistic regime (8 < 0.7) from energy-loss measurements in scintillator or silicon
layers. This is shown in the bottom-right panel of Figure 6, where the normalized EJ-
200 scintillation signal is plotted as a function of particle velocity. Complementarily, the
amplitude distribution of the FB118 Cherenkov signal enables velocity measurements in
the relativistic regime (B > 0.7), as seen in the top-right panel of Figure 6. Combining these
two techniques, it is possible to achieve a velocity resolution better than 20%, making it
possible to replace a full ToF system in many compact space detector designs.

4. Conclusions

We have characterized the optical response of the FB118 wavelength shifter, developed
by “Glass to Power” [10]. No evidence of residual scintillation emission was found (less
than 30 ph./MeV), fulfilling a key requirement for its integration into the PHeSCAMI
detector [8,9,13].

In contrast, a strong Cherenkov emission (~200 ph./mm) was observed, enhanced
by the material’s high UV-to-visible conversion efficiency. Therefore, the FB118 material is
interesting as a compact Cherenkov radiator for particles in the velocity range 0.7 < B < 0.9,
particularly in small, space-based detectors where conventional Time-of-Flight systems
are impractical.

Currently we are planning the development of aerogel (AGL) radiators (741 ~ 1.05)
doped with WLS fluors in our INFN/TIFPA laboratories. The relatively high threshold of
AGL (Eg > 2 GeV for protons) will be useful to reduce the trigger rate of future large-scale
spectrometers such as ALADINO [14].
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Abbreviations

The following abbreviations are used in this manuscript:

MIP  Minimum Ionizing Particle
PMT Photomultiplier Tube

ToF  Time-of-Flight

uv Ultraviolet

WLS  Wavelength Shifter
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