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ABSTRACT: A study has been performed to understand the effects of radiation damage on various
plastic scintillator tiles considered for a possible upgrade of the hadron calorimeter of the CMS
detector. Measurements were made with unirradiated tiles and with tiles that had been irradiated
in the CMS collision hall to a dose of 44 kGy. Results are presented for the tiles of different shapes
in terms of the energy spectrum, efficiency as a function of the position at which each tile was hit,
as well as light yield. All the tiles showed a light reduction of up to about 50%. The tiles with the
shape currently used in the CMS detector did not see increased non-uniformity of light collection,
while a significant disuniformity was observed for the tiles considered as alternatives.
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1 Introduction

Modern large-scale particle physics experiments at high center-of-mass energies, such as ATLAS [1]
and CMS [2] at the Large Hadron Collider (LHC) facility at CERN, use plastic scintillators for
particle detection due to their low cost and large light yield. However, scintillators are subject to
radiation damage, reducing their light yield [3, 4] over the time scale of the experiment. For example,
the scintillating tiles in the endcap hadronic calorimeter (HE) of the CMS detector had a reduction
of light output up to about 25% after the 2017 LHC operation, which corresponded to an integrated
luminosity of 50fb~! [5] of proton-proton collisions, and a dose of approximately 1.5kGy. It is
anticipated that the scintillators in the hadron calorimeters for the proposed experiments at the future
accelerators, such as FCC-hh, could receive doses up to 8 kGy or even 1 MGy [6]. Studies of the
radiation effects on the transmission of light in plastic scintillators have been presented, for example,
in Ref. [7]. This study presents a continuation of the attempt to find a solution to the decreased light
yield of the plastic scintillators in the CMS hadronic endcap calorimeter, which covers the rapidity
region of 1.4 < |n| < 3, where = —In (tan g) and 6 is the polar angle, measured with respect to
the beam line.

Our previous paper [8] compared the performance of the tiles made from scintillator materials
manufactured by the Eljen corporation! (EJ-200, EJ-260, with different dopant concentrations) to
those used in the legacy calorimeter (SCSN-81 by Kuraray?) of the CMS detector; the production
of Kuraray has since been discontinued. It is believed that the effects of radiation damage can be
partially mitigated by either overdoping the material or by shifting the output to a longer wavelength
region. The previous study confirmed that both of these were viable options for the replacement of
the SCSN-81 tiles. We now present an assessment of how these materials perform when damaged
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by radiation. The irradiation was performed at the Castor Radiation Facility at CERN with the
scintillator samples installed in the proximity of the LHC beam line. In addition to the two previous
methods of mitigating the effects of radiation damage, a third possibility, using tiles of different
shapes, is also checked. The light yield of the scintillator detectors is measured in terms of their
response to minimum ionizing particles.

2 Experimental setup

The experimental setup is almost identical to the one in our previous study [8]. The data were
collected in the North Area of the H2 Beam Line at the CERN Prevessin site using beam dumps
from the Super Proton Synchrotron (SPS). A muon beam is generated from the decay of a 150 GeV
charged pion beam. The beam path passes through several instruments for triggering and precise
tracking on its way to the scintillator samples under test. In order of increasing distance from the
beam extraction point, these are wire chamber “A”, four large scintillating plastic trigger counters,
and wire chamber “C”. The wire chambers were the drift chambers described in Ref. [8], with size
(100 x 100 mm?) and resolutions of ~ 0.5 mm in the transverse plane. Figure 1 shows the relative
positions of the instruments, tiles, and beam. Only two of the wire chambers were active for this
study, as opposed to the three used in Ref. [8]. The yellow region indicates an instrumented 40°
wedge of HCAL, which is not used in the analysis presented in this paper.

Detector slice

300mm
Beamline
. / / Test scintillator
 Wire A | 7000mm |

Trigger paddle Wire C

Figure 1. Diagram of the experimental area, not to scale.

The two wire chambers were aligned before use in the analysis. The hits in the wire chambers
determine the points where the muons from the incident beam intersect the tiles. We assume that
the muons in the experimental area travel along a straight line, and therefore the difference between
the x and y measurements made in the two wire chambers is a Gaussian with mean zero. The
distributions of the x and y measurements after the alignment are shown in Fig. 2.

The data acquisition system has front-end and back-end electronics designed for the Phase-I
upgrade of the CMS hadron calorimeter (HCAL) with silicon photomultipliers (SiPMs) as the
photodetectors. The system is described in detail in Ref. [9]. The experimental setup is based
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Figure 2. Difference in position of hits along the x (left) and y (right) directions for the two wire chambers.
The distributions contain an offset correction calculated assuming that the muons travel along straight
trajectories.

on the Phase-I configuration of SiPM-equipped HCAL detectors, as reported in Ref. [9, Fig. 1.7].
Each scintillator tile is connected to an individual SiPM (although in the CMS detector each SiPM
receives scintillation light from multiple tiles). The light produced in the scintillator is transmitted
via wavelength-shifting (WLS) fibers to silicon photomultiplier (SiPM) photodetectors. The SiPMs
are custom-made by Hamamatsu Photonics3 to fulfill the requirements for their usage in the HCAL
subsystem of the CMS experiment. A detailed description of their characteristics is presented in
Ref. [10]. The pulse of current generated by the SiPM is integrated using Charge-Integrator-and-
Encoder (QIE10) chips [11-14], with the digitized signals collected by a Microsemi IGLOO2 FPGA
and transmitted to the back-end electronics via an optical link through a versatile-link transmitter
(VTTx) [15]. The VTTx connects each front-end (FE) module to an HCAL uTCA Trigger and
Readout (uHTR) module. The encoded signals from the QIE10 chips and the wire chambers
are reconstructed into events and saved to disk. Figure 3 indicates the path of the signal from the
scintillator tiles to the storage via the digitization (QIE10), the alignment and formatting (Microsemi
IGLOO2 FPGA), the data transmission (VTTx), the back-end electronics (uHTR).

The scintillator tiles had two types of grooves where WLS fibers are inserted to collect a
fraction of the light produced in the tile. We refer to them as o and finger tiles, respectively. A
schematic drawing of the two formats is sketched in Fig. 4. The same figure provides a sectional
view of the tile showing the groove within which the WLS fiber is installed. In the first case the
WLS fiber roughly follows a o--shaped path along the border of the o tile, while for the second it
goes straight through the middle of the finger tile. The o tiles have areas of 10 x 10 cm?, while the
finger tiles are 10 x 2 cm?. The thickness of the tiles were the same, about 0.4 cm.

A summary of the characteristics of the scintillator tiles used in this experiment is given in

3Hamamatsu Photonics, 325-6, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka, 430-8587, Japan
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Figure 3. Overview of the data path at the H2 test beam facility at CERN.
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Figure 4. Schematic drawing of the o (left) and finger (center) tiles and a sectional view of the groove within
which the WLS fiber is installed.

Table 1. The Eljen scintillator tiles were exclusively available in o-tile format, while SCSN-81 tiles
were available in both o - and finger-tile formats. The WLS fiber is Y11 for blue scintillators and
02 for green scintillators, both produced by Kuraray.

The SCSN-81 tiles were subjected to irradiation before being included in the test-beam mea-
surement. They were placed in the CMS collision hall on the structure that housed the CMS
forward calorimeter CASTOR [16], 14.3 m away from the CMS interaction point, and at a distance
between 13.1 and 14.4 cm from the LHC beam line. The total integrated dose was measured using
FWT-60-00 Radiachromic dosimeters (thin films) by Far West Technology, which were attached to
the top of the scintillator samples. The uncertainty in the radiation dose is estimated to be 15%.



Table 1. Basic characteristics of the scintillator tiles used in this study. The tile color refers to the wavelength
of maximum emission, i.e., 425 nm for the blue scintillators and 490 nm for the green. The irradiation was
performed at the Castor Radiation Facility at CERN with the scintillator samples installed in the proximity of
the LHC beam line. The base material of the Eljen (EJ) tiles is polyvinyl toluene (PVT), while polystyrene
(PS) is used for the SCSN tiles, produced by Kuraray. The EJ tile marked by “f” contains a proprietary
primary dopant, in a concentration about twice than available in commercial samples.

Tile Base | Color | Format [cm?] Integrated dose [ kGy]
EJ 200 PVT | Blue 10x10x 0.4 not irradiated

EJ 260 PVT | Green | 10x10x0.4 not irradiated

EJ 260 2P" | PVT | Green | 10x 10 x 0.4 not irradiated
SCSN 81F1 | PS Blue | 2x10x0.37 44 + 7

SCSN 81F2 | PS Blue | 2x10x0.37 44 + 7

SCSN 81F3 | PS Blue | 2x10x0.37 44 + 7

SCSN 81F4 | PS Blue | 2x10x0.37 44 + 7

SCSN 81S PS Blue | 10 x 10x0.37 55+9

3 Data analysis

Prior to any selection, the data consisted of about 7 million triggered events. Events are required to
have a single muon hitting both wire chambers. This ensures that the energy corresponds to a single
minimum-ionizing particle (MIP) signal and allows the measurement of the detection efficiency as
a function of the hit position on a tile. This requirement reduces the event sample to 1,720,742
events for the subsequent analysis. The finger tiles were not used until a later stage of the data
taking operation; hence the corresponding sample contained only about 2.8 million events, which
reduced to just 622,635 events after applying the requirement of single-muon traversal.

The data acquisition system measures a charge, corresponding to the time-integrated current
from the SiPM photosensors in 25ns time slices. The integrated charge is proportional to the
number of photoelectrons, which in turn is proportional to the energy deposited by a MIP that
crosses the scintillator. Figure 5 shows the measured pedestal-subtracted average charge in each
of ten time slices for the finger tiles and for the o tiles. Time slices 5 through 9 are used in the
subsequent analysis to maximize the signal to noise ratio. From these plots it can be seen that all
tiles were timed-in similarly and the same time slices are therefore used for each tile.

The event-by-event per-time-slice pedestal is estimated by averaging the charge integrated in
the first three time slices. Unless otherwise noted, the event-by-event pedestal is estimated by
multiplying the per-time-slice pedestal value estimated above by the number of time slices that are
added to obtain the total integrated charge in the event, i.e., time slices 5 through 9.

3.1 Hit efficiency

Each hit is represented by a two-dimensional (2D) point denoted by x and y coordinates in a plane
perpendicular to the beam. The hit efficiency is defined to be the ratio of the number of events
recorded with an integrated pulse greater than 25 fC, which is the value that separates the pedestal
peak from the signal peak corresponding to one photoelectron, to the total number of recorded events
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Figure 5. Average integrated SiPM charge in 25 ns time slices for o tiles (left) and finger tiles (right) in a
muon beam.

that satisfy the single-muon traversal requirement. Two-dimensional efficiency maps are generated
for each scintillator. The efficiency maps are also used to define a fiducial region, identifying the
position of each tile relative to the beam spot. The lines marking the fiducial region are drawn
through the region where the efficiency appeared to be at least  50%, and correspond to the
estimated position of the physical boundary of the tiles. Figure 6 shows the efficiency maps for the
EJ-260 and the second SCSN-81 finger tile, where the fiducial regions are identified by the dashed
lines.

The distributions in the pedestal levels, normalized to a single time slice, are shown in Fig. 7.
They appear to follow two distinct trends, which are likely due to a different amount of light
leaking through the connections, as the two sets of SiPMs are attached to different SiPM arrays
by two separate fiber bundles. The equally spaced peaks correspond to an increasing number of
photoelectrons. It is appropriate to note that the spacing between peaks is consistent among all
SiPMs, which indicates that they have similar particle-detection efficiencies.

3.2 Energy spectra and efficiency maps

The fiducial regions defined in the previous sections are used to obtain a more accurate picture of the
amount of energy collected by the tile from each muon that interacted with the plastic scintillator.
Unless stated to the contrary, it is assumed that each event is selected by requiring the presence of
a single muon within the fiducial region of each tile. Figures 8 and 9 show the integrated charge
spectra for fiducial muons in all of the tiles used in our study. The efficiency €, introduced in
Section 3.1, is defined to be the ratio of the number of hits with an integrated pulse above the noise
threshold, set at 25 fC, divided by the total number of hits.

For each type of tile, the 2D efficiency plots are shown in Figs. 10 and 11. The x and y axes
have been rotated so that the finger tiles point vertically, and the sides of the o tiles are parallel to
the new axes. The efficiency plots do not show any significant dependence on x or y. The efficiency
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Figure 6. Maps of 2D efficiency for EJ-260 (left) and the second SCSN-81 finger tile (right). The dashed
lines indicate the fiducial region that corresponds approximately to the overlap between the tile area and the
beam, positioned along a path in which the hit efficiency, determined from the ratio of hits with an integrated
pulse > 25 fC, divided by all the hits in the same bin, is > 50%. Similar maps have been produced for the
other scintillator samples.
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Figure 7. Event-by-event measurement of pedestal integrated charge, normalized to a single time slice. The
distributions follow two distinct trends, which correspond to different SiPM arrays to which the scintillator
tiles are connected.

is defined in each bin to be the ratio of the number of hits with an integrated pulse above 25 fC,
divided by the total number of hits. The dashed lines enclose the fiducial region, for which the
efficiency is at least 50%.

To enhance any effects of non-uniformity in efficiency, possibly caused by radiation damage
in the irradiated tiles, projections of the 2D efficiency maps along the x and y axes are shown in
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Figure 8. Integrated charge spectra for the o tiles studied. The dashed lines indicate the threshold, set at
25 fC, above which a hit is considered to correspond to a MIP (muon).

Fig. 12. In fact, a small decrease in efficiency in the middle section of the o tiles can be seen in
the region farthest from the wavelength-shifting fibers used to collect the scintillation light. The
finger tiles display a clear reduction in the light yield the farther away the hits are from the top
of the scintillator tile. This suggests that the wavelength-shifting fiber may be damaged, as the
light produced in the lower section of the finger tile has to travel a longer distance along that fiber.
Measurements at the University of Maryland using a collimated Sr-90 source confirmed the trends
observed in the test-beam data.

3.3 Light yield

The light yield in each tile is a parameter of interest, which, in addition to the hit efficiency,
characterizes the performance of a scintillator. The light yield is defined as the average number
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Figure 9. Integrated charge spectra for the finger tiles studied. The dashed lines indicate the threshold, set
at 25 fC, above which a hit is considered to correspond to a MIP (muon).

of photons collected in the tile from each incident muon. Each muon releases approximately the
same amount of energy in each tile. As indicated in Table 1, the Eljen tiles are 4 mm thick, while
the SCSN tiles are 3.7 mm thick. Hence, it is expected that a MIP deposits * 9% more energy
while traversing an Eljen tile than a SCSN one; this aspect should be taken into consideration when
comparing the light yields among the different scintillator tiles.

The charge distributions present a set of peaks at a fixed distance relative to each other, as is
clearly seen, for example, in Fig. 13. Each subsequent peak corresponds to a higher number of
photons. We discuss below two methods used to obtain a robust estimation of the light yield.
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Figure 10. Efficiency maps for the o tiles studied. The dashed lines indicate the fiducial region that
corresponds approximately to the overlap between the tile area and the beam, positioned along a path in
which the hit efficiency, determined from the ratio of hits with an integrated pulse > 25 fC, divided by all the
hits in the same bin, is > 50%.

Method I — Integration of contributions

The charge distribution shows a series of equally spaced Gaussian contributions of similar widths.
Assuming that these contributions have the same separation, we can estimate the average number
of photoelectrons by dividing the integrated signals of the charge spectrum by the distance between
neighboring peaks, starting at 25 fC to eliminate the pedestal peak, and defining thereby the mean
signal produced by just one photoelectron as the corresponding distance between neighboring peaks.
We estimate this to be = 41 {C.

A simple fit of the charge distribution using a sum of Gaussian functions, covering the whole
spectrum, provides a cross check of the result obtained. Two examples of the fitted spectra are
presented in Fig. 13. The two representative fits capture the main features of SiPM spectra: the
distance between neighboring Gaussian peaks is consistent with a constant value; the width of the
Gaussian peaks monotonically increases as they correspond to a higher number of photoelectrons.

—10-
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Figure 11. Efficiency maps for the finger tiles studied. The dashed lines indicate the fiducial region that
corresponds approximately to the overlap between the tile area and the beam, positioned along a path in
which the hit efficiency, determined from the ratio of hits with an integrated pulse > 25 fC, divided by all the
hits in the same bin, is > 50%.

The latter is not the case for the last three Gaussians in the SCSN-81 finger-tile sample. Those
Gaussians count for less than 1% of the number of events, indicating that the simplified fit model is
suitable to extract approximate estimates of the scintillator performance.

It is to be noted, however, that the multi-Gaussian fit underestimates the yields relative to the
integral-of-contributions method by ~ 1 — 5%, partially because of the tail at high charge, where
it is not possible to fit additional Gaussian functions properly. The comparison indicates that the
integral-of-contribution method is robust.

Method II - Functional-form fit

The second method is based on a fit to the charge spectra using a function presented in Ref. [17]. The
RooFit framework [18] defines the probability density function that is used to perform an unbinned
maximum likelihood fit. The fit parameters include the average number of initially emitted photo-
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Figure 12. x (left) and y (right) efficiencies for o tiles (top) and finger tiles (bottom).

electrons, the distance between neighboring peaks, and the cross-talk probability. It is important
to note that the average number of photoelectrons returned by the fit is not compared directly with
the number obtained with the other method described above; the latter include all the secondary
emissions. As a first-order approximation, the results of the first method are compared to the
number of initially emitted photoelectrons divided by 1 — y, where y is the cross-talk probability.
The fit also estimates the distance between neighboring peaks. In all cases, this distance lies within
the interval 41.5 = 1.5fC, which is very close to the value of 41 fC used to estimate the number
of photoelectrons via the integration of contributions. The SiPM bias voltage was indeed set to
obtain a distance between neighboring peaks of 41 fC. Thus, this result is in excellent agreement
with the configuration of the photo sensors. A fit including a probability distribution that accounts
for the effect of the after-pulsing has also been performed; the result suggests that after-pulsing is
negligible. Two examples of the functional-form fits of the charge spectra are shown in Fig. 14. The
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Figure 13. Example of multi-Gaussian fits to the charge spectra for the EJ-200 tile (upper), and the first
SCSN-81 finger tile (lower), using linear (left) and logarithmic (right) scales. The colored Gaussians represent
the fitted results; the vertical lines indicate the Gaussian functions included in the calculation of the estimator
of the average number of photoelectrons.

fits have only six free parameters: pedestal peak location, separation between neighboring peaks,
electronic noise standard deviation, contribution to the peak width dependent on the number of
photoelectrons, average number of photoelectrons, cross-talk probability. They demonstrate that it
is possible to obtain an adequate description of a SiPM spectrum over multiple orders of magnitude
with a small number of free parameters.

Results

Table 2 summarizes the results of the two methods described in the previous paragraphs. The results
of the functional-form fit, even after implementing the correction for cross-talk photoelectrons, are
~ 20% and 40% lower for o and finger tiles than the estimators provided by the other methods. It
is hard to obtain a high-quality fit due to the complexity of the fit function.

To further characterize the decrease in efficiency in the central region of the SCSN-81 ¢ tile, the
fiducial region is divided into two parts: central (defined by the requirement that —30 < xpj;; < O mm
and —30 < ypir < 0mm), and peripheral (complementary to the central region). The corresponding
light yields are then measured separately in the two regions, using the two methods presented above.
The efficiency profile suggests that the light yield should be smaller in the central region, which
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Figure 14. Example of functional-form fits to charge spectra for the EJ-260 2P tile (upper), and first SCSN-
81 finger tile (lower), using linear (left) and logarithmic (right) scale. The fit parameters are reported in
the linear-scale plot: u is the average number of photons initiating the Geiger discharge in the SiPM; y
the probability of cross-talk; diner—peak is the separation between neighboring peaks; pedestal indicates the

location of the pedestal peak (it is consistent with zero, suggesting that the pedestal subtraction was correctly

implemented); oy and o are used to parameterize the width of the Gaussian peaks as follows: o'l.2 = 0'3 +i 0'12.

is farther from the wavelength-shifting readout fiber. This is indeed the case; though the observed
drop of = 3% is expected to have a negligible impact on the energy resolution of the calorimeter.

4 Summary and conclusions

This study involves the measurement of the light yield and uniformity of irradiated plastic scin-
tillators using a muon beam produced from the decay of a 150 GeV pion beam. The efficiency is
measured relative to the x and y positions within the scintillator tile detectors to determine whether
any color centers created during irradiation cause a change in the tile efficiency. The irradiated
SCSN-81 ¢ tile is found to have a considerable reduction, about 50%, in the light yield relative
to a similarly configured, unirradiated EJ-200 tile. This is expected, and consistent with studies
presented in Refs. [5, 19]. It is noted that the radiation damage affects the uniformity of the light
yield by at most a few percent, with negligible impact on the resolution of the calorimeter. A more
significant dependence of the light yield on hit position is observed in the case of finger tiles, which
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Table 2. Estimated number of photoelectrons emitted on average when a single minimum-ionizing particle
(muon) crosses the scintillator tile. The parameter y is the cross-talk probability, one of the parameters of
the functional-form fit function. The quoted values are statistical uncertainties from the fit.

<PE>functi0nal—

Tile <PE>functional— X form <PE>integration of

form /(1=x) contributions
EJ-200 2.742 £ 0.002 | 0.235+£0.001 | 3.585 +0.004 4.365
EJ-260 2.316 £0.002 | 0.238 +£0.001 | 3.040 + 0.004 3.784
EJ-260 2P 2.138 £ 0.002 | 0.244 +0.001 | 2.826 +0.003 3.531
SCSN-81F1 | 1.007 +£0.005 | 0.249 +0.003 | 1.340 +0.009 2.157
SCSN-81F2 | 1.191 +£0.004 | 0.257 £0.002 | 1.602 + 0.007 2.410
SCSN-81F3 | 1.085+0.003 | 0.252+0.002 | 1.451 +0.006 2.295
SCSN-81F4 | 1.042 +0.004 | 0.250 +£0.002 | 1.390 +0.007 2.240
SCSN-81S 1.711 £0.002 | 0.268 = 0.001 | 2.336 + 0.003 3.026

at worst indicates an efficiency variation of about 40%.
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