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Lutetium-Yttrium OxyorthoSilicate (LYSO) crystals and EJ-200 plastic are widely recognized fast scintillators,
valued for their high light output and robust mechanical properties, which make them well-suited for high-
energy physics and space applications. The non-proportional light response of these scintillators, alongside
their non-linear behavior at low-energy X-rays, has been extensively studied. Nevertheless, discrepancies in

published measurements of light yield quenching remain unresolved. This study provides new insights by
measuring light quenching in both scintillators under charged particle excitation and analyzing the non-linear
response of LYSO to X-ray and y-ray sources. The results are interpreted using the modified Birks-Onsager
model, offering a reasonable description for the observed scintillation quenching phenomena.

1. Introduction

The non-proportional light response of organic and inorganic scin-
tillators, especially when particle energy is deposited at high ionization
densities, has been well-documented for decades [1]. This effect signif-
icantly contributes to light yield quenching when the scintillators are
detecting slow charged particles or nuclei. Additionally, scintillation
quenching leads to a loss of linearity in the scintillator response when
irradiated by low-energy X/y rays, primarily due to the low velocity of
the ejected electrons. Moreover, the quenching effect plays a critical
role in applications such as detecting fast neutron-induced nuclear
recoils and in Dark Matter searches.

A simplified phenomenological model of scintillation quenching de-
scribes the interactions between charged carriers (electrons and holes,
which primarily recombine non-radiatively) and neutral carriers (exci-
tons, highly mobile bound states of electrons and holes that can transfer
energy to luminescent centers).

The model considers the interplay of two concurring effects [2]. At
high excitation densities, exciton-exciton interactions transfer part of
their energy to phonons, i.e. without scintillation. This mechanism, first
described by Birks [1] and later refined in [3], provides a model for
the loss of luminous efficiency Ly as a function of the linear ionization
density (dE/dx):
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where B is the Birk’s parameter, setting the typical dE/dx scale at which
quenching effects become significant. #; represents the saturation
value of luminous efficiency (its minimum value) and is interpreted
in [3] as the fraction of carriers escaping from the high-ionization-
density region near the track core to a surrounding halo region with
lower ionization density.

A second mechanism plays an important role in modeling luminous
efficiency at low ionization densities [4-7]. In particular, with 7,
representing the initial fraction of electrons and holes that do not form
excitons, some electrons and holes may still recombine to form new
excitons if they are within the Onsager radius. Therefore, thanks to this
mechanism, an increase in the number of excitons is expected when
the ionization density increases. The relative luminous efficiency L,
provided by this phenomenon is modeled as:
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where (d E /dx), is the ionization density scale relevant for the Onsager
mechanism. Within this simplified model, the relative light yield of the
scintillators is proportional to the product Ly L), effectively describing
the scintillator’s response to electrons and ions as well as the loss of
linearity in response to low-energy photons [8]. Despite its simplicity,
this quenching model can also explain the temperature dependence of
the scintillator response [9] and the degradation in energy resolution
when detecting low-energy electrons and photons [10,11].

High ionization densities may also occur when a large number of
ionizing particles are detected by the same scintillator, a complete
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Fig. 1. Left: Experimental set-up used for the measurements. The trigger is provided by the EJ-200 plastic scintillator (15 x 3 x 0.2 cm?). A signal in the EJ-200 triggers the
digitization of a 3-layers ALTAI silicon pixel tracker and a LYSO:Ce scintillator (15 X 5 x 2.5 cm?). Right: Event display showing an event with a pileup of three protons during
high-rate (~MHz) data acquisition. The upper part of the figure shows the PMT signals, while the lower part displays the side projections of the reconstructed tracks.

description of the detector’s response should account for the quenching
effects due to different particles crossing the same scintillator volume.
In particular, this is responsible for the saturation effect observed in
LYSO:Ce screens when used as electron beam monitors [12] or in sam-
pling calorimeters detecting multi-TeV electromagnetic showers [13].

It is noteworthy that in these cases, all detected particles are min-
imally ionizing electrons; however, the simplified model based on
quenching effects derived from the dE/dx of independently propagated
particles fails.

Similarly, current Monte Carlo simulations may produce inaccurate
evaluations of the scintillator response when accounting for the quench-
ing effects of low-energy delta rays generated near the primary track,
depending on the production/propagation thresholds.

2. Quenching measurements in EJ-200 and LYSO scintillators

Eljen Technology EJ-200 is a general purpose plastic scintillator
(similar to Nuclear Enterprise’s Pilot-F and Saint Gobain BC-408). It is
based on polyvinyltoluene doped with proprietary wavelength-shifting
fluors. Thanks to its high light output (10 ph./keV) long light attenua-
tion length (3.8 m) and fast rise and decay times (0.9 ns and 2.1 ns
respectively) EJ-200 is widely used in particle physics experiments.
The Eljen Technology document library provides a plot illustrating
the response of EJ-200 to charged particles with different ionization
densities. Complementary data are available from the Scintillator Li-
brary at Lawrence Berkeley National Laboratory. These datasets [14]
were obtained by analyzing EJ-200’s signal under to electron recoils
up to 1 MeV [15] and proton recoils up to a few MeV, induced by
exposure to fast neutrons [16-18]. Additionally, the responses of EJ-
200 to electrons [6] and y-ray sources [19] were studied. The results,
assuming the original Birks’ law (i.e. imposing ny = 0 and #,;, = 0 in
the generalized model) provide: 1/B = 91 MeV/cm [6] and B = 0.016
cm/MeV [19], respectively. A recent investigation of EJ-200’s response
to relativistic nuclei [20] suggests that significant light yield quenching
occurs only when dE/dx exceeds 100 MeV/cm. However, this result
appears inconsistent with previous measurements.

The second scintillator investigated in this study is the Cerium
doped LYSO (Lutetium-Yttrium OxyorthoSilicate) scintillator. LYSO:Ce
is a high density (~7.2 g/cm?®), high effective atomic number
(Z,;; ~65), high light yield (~30 ph./keV) fast (r ~40 ns) inor-
ganic scintillator. These characteristics, along with the good radiation
hardness, relatively high mechanical strength and moderate cost, have
made LYSO a widely adopted material for medical PET scanners and
high energy particle detectors, despite its relatively high intrinsic
radioactivity (~40 Bq/g) [21]. Non proportionality to sub-MeV x/y rays
is a well-known property of LYSO [22-25].

Initial measurements of LYSO’s response to protons [26,27] and
nuclei [28,29] have determined scintillation quenching parameters
using different modified Birks’ formulations.

A recent study on LYSO’s response to a 30 GeV/n relativistic Argon
beam (and its fragments) provides detailed measurement of the gener-
alized Birks-Onsager model parameters for this scintillator [2]. As with
EJ-200, a quantitative comparison of previous LYSO measurements
reveals discrepancies in the degree of scintillation quenching as a
function of linear ionization density.

3. Measurement with x/y, u and particle beam

To evaluate the quenching effects in EJ-200 and LYSO scintillators,
we implemented the set-up shown in Fig. 1.left.

The main trigger is provided by the EJ-200 plastic scintillator
(15 x 3 x 0.2 cm?). A signal in the EJ-200 triggers the digitization of
a 3-layer ALTAI silicon pixel tracker [30] and a LYSO:Ce scintillator
(15 x 5 x 2.5 cm?, 1350 g, produced by Filar Optomaterials). The
light produced by the scintillators was collected coupling both sides of
the detectors with Hamamatsu R9880U-210 PhotoMultipliers (PMTs)
whose signal was sampled using a 5GS/s digitizer (DT5742, CAEN) to
measure the peak amplitude. The high resolution (~ 28 pm pitch) silicon
tracker allows measurement of the particle direction and identification
(and, if necessary, rejection) of events where a pileup of multiple
particles occurs. Fig. 1.right, shows an example of an event acquired
during an high (~MHz) rate, 120 MeV, proton beam. In this case,
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Fig. 2. Comparison of calibrations collected for LYSO scintillators. Black squares represent muon calibrations obtained by aligning the three sides of the detector vertically. Black
circles represent calibrations with x/y ray sources: 2! Am (17.8 keV, 59.5 keV), 133Ba (30.8 keV, 81 keV), 7°Lu (202 keV, 307 keV) and ??Na (511 keV, 1275 keV). The drop in
relative light yield for x/y rays below 1 MeV is consistent with the behavior measured in [22-25] and can be simulated using the generalized quenching model with parameters:
1/B = 11.5 MeV/cm, ny = 0.027, 1, = 0.75 and (dE/dx), = 145 MeV/cm (red dashed line).
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Fig. 3. Energy deposition as measured by different scintillators (black points) as a function of beam energy. The red lines represent the energy deposition evaluated using Geant4
simulations. The top plots correspond to EJ-200 while bottom plots correspond to LYSO scintillators. Only protons with energies above 125 MeV and Carbon ions with energies
above 2600 MeV were able to fully traverse 2.5 cm of LYSO. The ratio between measured and deposited energy decreases as particle energy decreases or particle charge increases,

as a consequence of scintillation quenching.

the two scintillators (top panel) detect the energy depositions of three
different protons identified by theirs tracks in the silicon tracker.

The scintillators were calibrated using the known energy deposited
by (vertical and inclined) cosmic muons. For the case of the LYSO,
thanks to the high Z,,,, calibrations with x/y rays are also feasible.
Due to the intrinsic radioactivity of 17Lu (54kBq/1350 g), all x/y
ray measurements below 662 keV were performed using a small (8 g)
LYSO sample. Fig. 2 summarizes the calibrations collected for the LYSO
scintillators. Black squared points represent the muon calibrations at
deposited energies of 25-35 MeV, 50 MeV and 150 MeV, corresponding
to muons crossing through the 2.5 cm (with different inclinations),
5 cm (vertically aligned) and 15 cm (vertically aligned) crystal sides.
Black circles represents the calibrations with x/y ray sources (4! Am,
133Ba, 1761y, 22Na). Fig. 2 also reports the LYSO response to x/y rays
from other measurements [22-25]. The observed non-linearity of the
LYSO response to low energy x/y rays can be modeled considering the

scintillation light quenching of non-relativistic electrons emitted during
photon energy deposition. The local drops of the light yield above ~10
keV and above 63 keV are due to the relatively low energies of the
electrons emitted in the photoelectric ionization of L edges and K edge
of Lutetium which becomes energetically allowed channels. The red
dashed line shown in Fig. 2 has been obtained from a Geant4 [31]
simulation using the G4EmStandardPhysics_opt1 model for the electro-
magnetic physics processes and using the generalized quenching model
with parameters: 1/B = 11.5 MeV/em, ny = 0.027, 7./, = 0.75 and
(dE/dx)y = 145 MeV/cm (further details in the following sections).
During the measurements with particle beams, the detectors have
been aligned to ensure that particles passed perpendicularly through
0.2 cm of EJ-200 and 2.5 cm of LYSO. The measurements with protons
in the range 70-228 MeV were performed at the INFN/TIFPA experi-
mental room of the APSS Protontherapy center in Trento [32]. At the
CNAO (Pavia) center [33] the detector was also characterized with
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Fig. 4. Light yield relative to MIP (Minimum Ionizing Particles, x black points) measured for EJ-200 (top plot) and LYSO (bottom plot) scintillators. Magenta and blue points
represent measurements obtained with Protons and Carbon ions (APSS and CNAO beam), respectively, crossing the two scintillators. The EJ-200 measurements are compared with
the results from [14,18,20] and with the pure Birks Law, B = 0.016 cm/MeV, as in [19] (red dashed line). The orange line is the Birks—-Onsager best fit (excluding [20]) with
parameters: 1/B = 12.0 + 1.3 MeV/cm, #,, = 0.853 + 0.014, (dE/dx), = 134 + 6 MeV/cm, while 5, which is consistent with zero, was fixed at 0. The LYSO measurements are
compared with the results from [26-29] and with the Birks-Onsager model (1/B = 45.1 + 9.1 MeV/cm, 7, = 0.0274 + 0.0048, ey, = 0.758 + 0.045 and (dE/dx), = 164.7 + 8.4

MeV/cm; red line with filled band) as suggested in [2].

170-400 MeV/n Carbons and with 110-130 MeV protons. Monte Carlo
simulations were performed using Geant4 [31] to evaluate the expected
energy deposition and track length distributions for each beam energy.
Fig. 3 shows the energy deposition as measured by EJ-200 and LYSO
scintillators (black points) as a function of the beam energy; the red
lines represent the energy depositions as evaluated from the Geant4
simulation. Only protons with energies above 125 MeV and Carbon
with energies above 2600 MeV were able to cross the whole 2.5 cm
of LYSO. The ratio between measured and expected deposited energy
decreases as particle energy decreases or particle charge increases; this
behavior is a consequence of the scintillation quenching. In particular,
for the Carbon beam (lower-right plot of Fig. 3), a counterintuitive
behavior is observed below 3 GeV: as a result of an increasing deposited
energy in the LYSO crystal, the scintillation light sharply decreases.!
Fig. 4 summarizes the Light Yield relative to the MIP (Minimum
Ionizing Particles, p black points) measured for EJ-200 (top plot) and

1 This behavior is similar to the ’smoke-ring’ effect observed in [12],
where a doughnut-shaped light profile is emitted from LYSO screens used as
high-intensity beam monitors.

for LYSO (bottom plot) scintillators. Magenta/blue points are our mea-
surements obtained with Protons/Carbons crossing the two scintillators
(APSS and CNAO beam respectively); The dE/dx quantity has been
derived from Geant4 simulations, representing the average specific
ionization density expected for each beam energy. The other points in
Fig. 4 are from the light yield measurements existing in literature for
EJ-200 and LYSO.

In particular, in [14,18] the EJ-200 light response as a function of
the particle energy is provided only for stopping particles. Therefore, to
evaluate the gray filled band and gray triangles in top plot of Fig. 4 the
derivative of the light response was performed and the average specific
energy loss within the differentiation energy interval was considered.
Same procedure was adopted to analyze the results of [26,27] plotted
as gray triangles in the bottom panel of Fig. 4, along with the quadratic
modified Birks model considered in [27] (gray dashed line).

4. Discussion and conclusions

Our new measurements of scintillation light quenching in EJ-200
are consistent with the expectations derived from [14,18] and roughly



A. Lega et al.
S:'I 0. Koba et al. (2011) (reanalysis) [x/y Physics lists:
=— Adriani et al (2022) G4EmStandardPhysics_opt0
This Work (u/p/C beam) G4EmStandardPhysics_opt1
0.08 This Work (x/y rays) "
= G4EmStandardPhysics_opt2
G4EmStandardPhysics_opt3
0.06 G4EmStandardPhysics_opt4
2 G4EmPenelopePhysics
- G4EmLivermorePhysics
0.04—
0.021—

e

1/B [MeV/cm]

—=— Kobaetal. (2011) (reanalysis) |
—e— Adriani etal (2022)

==s== This Work (/p/C beam)

0.4+ This Work (x/y rays)

X/ Ga Physics lists
G4EmStandardPhysics_opto
G4EmStandardPhysics_optt

0.2 G4EmStandardPhysics_opt2

E G4EmStandardPhysics_opt3

G4EmStandardPhysics_optd

G4EmPenelopePhysics

G4EmLivermorePhysics

—— e

1000 = ceomcrmmmmeARTA

€
o
>
Q 3
=
=

o
=100 —
x F X'y G4 Physics lsts:
Q c G4EmStandardPhysics_opt0
L i G4EmStandardPhysics_opt1
T H Koba et al. (2011) (reanalysis) i G4EmStandardPhysics_opt2

—e— Adriani et al (2022) G4EmStandardPhysics_opt3
G4EmStandardPhysics_opt4
G4EmPenelopePhysics

G4EmLivermorePhysics
T T :

100

LSt This Work (/p/C beam) R

— This Work (xy rays)

1 e
% 4/B MeViem]

Fig. 5. Configurations allowed at 1o C.L. for the parameters of the Birks-Onsager
quenching model of the LYSO scintillator. The gray region is the superposition of
the 1o allowed configurations based on the analysis of the non-linearity to low
energy x/y rays using G4EmStandardPhysics_optO to _opt4, G4EmPenelopePhysics and
G4EmlLivermorePhysics models.

follow the pure Birks model suggested in [19]. However, the light
quenching measurements reported in [20] (green squares and dotted
line in the top plot of Fig. 4) shows significant discrepancies compared
to the other results. Further investigation is required to determine
whether the readout used in [20] detects Cherenkov light or scintilla-
tion components of EJ-200 that are less affected by quenching effects.
Excluding the data from [20], a fit using the Birks—Onsager model
for EJ-200 data (orange line) yields the following parameters: 1/B
=12.0 + 1.3 MeV/cm, 7/, = 0.853 + 0.014, (dE/dx)y = 134 £ 6
MeV/cm, while #;;, which is consistent with zero, was fixed at 0.

Our new measurements of the scintillation light quenching in LYSO
agree with those reported by Adriani et al. [2]. The results of [26,27]
(gray triangles) are not consistent with the others, however, they
quotes a unusually low density (5.37 g/cm?) for their LYSO crystal. A
more detailed analysis of LYSO scintillation quenching was performed,
incorporating the non-linearity in response to x/y rays (as shown in
Fig. 2) within the framework of the Birks—Onsager model. In particular,
within the Geant4 simulation framework, for each charged particle

Nuclear Inst. and Methods in Physics Research, A 1079 (2025) 170612

step, the scintillation light efficiency was evaluated as a function of the
computed dE/dx.

We conducted a grid scan of Geant4 simulation results, varying
the four quenching parameters <B, g, 7, /ns (dE[dx)y> to evaluate
the expected LYSO scintillator response to mono-energetic photons.
This allowed fitting the x/y rays measurements in Fig. 2 using the
Birks—Onsager quenching model (red dashed line).

To ensure an accurate simulation of low-energy atomic processes,
the production cuts for all particles were lowered to 10 nm, and the
threshold for production cut tables was reduced to 100 eV (the lowest
value currently allowed by the Geant4 Electromagnetic Physics lists).
These settings required a considerable computational effort to perform
the simulations.

To evaluate the systematic effects related to the choice of the Geant4
description of the low energy EM processes, six different simulations
were performed for each configuration, using G4EmStandardPhysics_
opt0 to _opt4, G4EmPenelopePhysics and G4EmLivermorePhysics mod-
els.

The Birks-Onsager quenching model parameter values allowed at
1o confidence level (C.L.) for the LYSO are shown in Fig. 5. The gray
filled region is the superposition of the allowed configurations based on
the analysis of the LYSO non-linearity to low energy x/y rays. Fig. 5 also
shows the parameter allowed regions obtained from our Proton/Carbon
test beam measurements (blue) and those (green) obtained from a re-
analysis, in terms of the Birks—Onsager model, of the Koba et al. [28,29]
measurements (lower panel of Fig. 4).

A comparison between our x/y/u/p/C measurements and the results
of Adriani et al. [2] (single red point in Fig. 5) shows a reason-
able agreement. Notably, current Geant4 simulations, despite their
computational demands, successfully describe the non-linearity in the
LYSO response to low energy x/y rays in terms of the Birks-Onsager
quenching of the produced electrons.

When comparing with the results from Koba et al. [28,29], we ob-
serve a significant disagreement on the (d E/dx), parameter (see Fig. 5
bottom panel). This suggests that their measurements may overestimate
the LYSO light yield by a factor ~3/2 in the 100-150 MeV cm?/g range
(explored by their Carbon beam).

In conclusion, our study provides a precise measurement of the
Birks—Onsager model parameters for EJ-200 scintillators and confirms
the results of Adriani et al. [2] for the light quenching of the LYSO
crystals.
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