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Shashlyk calorimeter technology, based on a sampling structure of alternating scintillator and
absorber layers read out by plastic wavelength-shifting fibers, provides an effective solution for
electromagnetic calorimetry in high-intensity physics experiments. This choice is motivated by
its good energy resolution, fast time response, mechanical simplicity, and operational reliability,
as demonstrated in several large-scale detectors. This work presents the development and test of
highly segmented shashlyk calorimeter prototypes, validated through a detailed Geant4 simulation
including optical photon transport.
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1. Introduction

In recent decades, sampling calorimeters have become widely used in high-energy physics due
to their flexibility, low cost, and competitive performance. They are based on alternating layers
of absorber materials (such as lead or iron) and active media (e.g. plastic scintillators), whose
properties can be optimized depending on the experimental needs. A particular implementation
is the shashlyk calorimeter, where wavelength-shifting (WLS) fibers run through the detector to
collect scintillation light. This design, introduced in 1985 [1], is used in several experiments thanks
to its simplicity, compactness, and good energy resolution [2].

The detector concept discussed in this work is motivated by the HIKE proposal at CERN [4], a
high-intensity kaon experiment designed for the High Intensity ECN3 facility. The design requires
excellent energy and time resolution, high granularity, and robustness in high-rate conditions typical
of the intensity frontier. In this context, the preliminary analysis of the data collected at the CERN
Proton Synchrotron (PS) T9 facility in September 2025, where two shashlyk calorimeter prototypes
were tested, is reported, together with the expected energy resolution result from a detailed Geant4
Monte Carlo simulation.

2. Geant4 simulation

A detailed simulation of a module of the proposed shashlyk calorimeter design has been
developed using the Geant4 toolkit [3] and a study of the energy resolution has been performed. In
detail, the simulated prototype consists of a 3 × 3 matrix of cells, each approximately 29 𝑋0 long
and with a transverse size of 40 × 40 mm2, for a total active area of 120 × 120 mm2. The light
produced in the scintillator is absorbed, re-emitted, and then transported by WLS fibers, arranged
in a 4 × 4 grid inserted longitudinally in each cell.

Figure 1: Energy resolution obtained from the simulation of a 3 × 3 module coupled with Luxium BCF92
WLS fibers with a monochromatic 𝑒− beam.

In order to obtain more realistic results, optical photon transport is included in the simulation
and the number of collected photons is used as a proxy for the energy deposit. In this context,
absorption and emission spectra of the scintillator and fibers are taken into account. The simulation
framework is fully modular, allowing the detector materials and geometry to be modified via Geant4
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input data cards. Optical photons are collected using a dedicated Geant4 Sensitive Detector, while
a more realistic photodetector response is implemented offline by applying the quantum efficiency
of each photosensor. This can be done by accounting for the wavelength dependence of the
photodetector sensitivity, as obtained from the manufacturer’s datasheet.

The energy resolution is obtained by fitting a Gaussian distribution to the spectra of the
number of optical photons collected by the photosensor and is defined as the ratio of the standard
deviation 𝜎𝑁 to the mean number of optical photons ⟨𝑁⟩. The energy resolution is further analyzed
as a function of the incident energy using a model incorporating stochastic and constant terms,
𝜎(𝑁)/𝑁 = 𝑎√

𝐸
⊕ 𝑏. Parameters 𝑎 and 𝑏 are extracted by fitting this model to the Monte Carlo data.

The result shown in Figure 1 is obtained from a prototype consisting of alternating 1.6 mm
layers of polystyrene based plastic scintillator (2% PTP + 0.05% POPOP) and 0.3 mm layers of
lead, with the WLS fibers read out at the downstream end. The upstream ends of the fibers are
mirrored and an ideal photodetector response is assumed (100% quantum efficiency independent of
wavelength). This maximizes light collection removing detection losses. The resulting performance
corresponds to the intrinsic limit on the energy resolution, determined only by the sampling fraction
and photostatistics.

3. Experimental setup

Two prototypes, developed in collaboration with DETEC, were tested. The final design of the
shashlyk prototypes corresponds to the one described in the previous section, namely a 3×3 channel
matrix with a cell size of 40 × 40 mm2. Longitudinally, the prototypes have a sampling fraction of
47%, alternating 1.6 mm layers of polystyrene based plastic scintillator (2% PTP + 0.05% POPOP)
and 0.3 mm layers of lead. All scintillator tiles are coated with a diffusive reflective paint. One of
the two prototypes consists of 500 alternating scintillator and lead layers, corresponding to ∼29 𝑋0,
coupled to Luxium BCF-92XL WLS fibers with a diameter of 1.2 mm, mirrored on one side (single-
side readout). The other consists of 350 alternating scintillator and lead layers, corresponding to
∼20 𝑋0, coupled to a matrix of Kuraray YS-4 WLS fibers with a diameter of 1.2 mm (double-side
readout). The single-side readout module has been tested with an array of Hamamatsu R7600U-
300 PMTs while the double-side readout module has been equipped with Hamamatsu R9880U-20
PMTs. A picture of the single-side readout prototype can be seen in Figure 2.

Figure 2: Picture of the single-side readout module.

The test beam campaign was carried out in September 2025 on the T9 beamline of the CERN PS.
The T9 line, part of the East Area secondary beamlines, can deliver electron beams with reasonable
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purity in the momentum range of 1–6 GeV, as well as minimum ionizing particles (MIPs) at around
4 GeV. The beamline is equipped with a Cherenkov detector for particle identification, labeled C1
in the experimental setup shown in Figure 3.

C1 S1 T1

20 cm

T2

508 cm

TRD

89 cm

Shashlyk

48 cm

S2

30 cm

LeadGlass

12 cm

Beam

Figure 3: Experimental setup at the CERN PS T9 beamline.

The experimental setup includes two large-area scintillators used as trigger counters (S1–S2),
two silicon strip chambers (T1–T2), a timing reference detector (TRD), the shashlyk module, and a
lead-glass block read out by a PMT positioned downstream of the shashlyk for MIP identification.
Signal waveforms from all detectors except the silicon strip chambers are acquired using a CAEN
V1742 digitizer. The TRD consists of a pair of ultra-fast scintillators read out by PMTs, with a
timing resolution better than 75 ps, and covers a ∼2 cm2 area at the center of the prototype. Electron
beam data were triggered using the coincidence of S1 and TRD, to have a reference time signal and
allowing the selection of electrons in the central cell, while MIPs were collected using S1 and S2
to guarantee a uniform illumination of the prototype under test.

4. Test beam data analysis

The dataset used to measure the energy resolution is selected by requiring a single track in
the event, using information provided by the silicon strip chambers, by identifying electrons using
signals from C1, and applying a MIP veto on lead-glass coincidences. The output channels of the
calorimeter are summed to extract the total energy deposit after applying an equalization procedure
using the MIP beam impinging on the calorimeter. The total energy deposit is then fitted with a
Gaussian function to extract the resolution parameter and to test the linearity of the calorimeter
response.

The energy resolution performance for the single-side readout module is shown in Figure 4-left,
while the performance of the double-side readout module is visible in Figure 4-right.

The time resolution (𝜎𝑡 ) as a function of the incident electron energy is also measured using
a reference time. The time is extracted with a constant fraction discriminator logic (CFD) at 30%
on the signals from both the central cell back-side PMT and TRD channels. By performing a
Gaussian fit to the distribution of the time difference between the calorimeter central cell and the
TRD, it is possible to estimate the calorimeter time resolution after subtracting the contribution of
the TRD. The result of this procedure for the single-side readout module is shown in Figure 5-left;
the time resolution includes a stochastic term of the order of 200 ps. Note that, since the quoted
time resolution refers only to the central cell, shower leakage is expected and may contribute to the
constant term.
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Figure 4: Left: energy resolution for the single-side prototype. Right: energy resolution performance for
the double-side readout module.

Figure 5: Left: Time resolution for the single-side readout module. Right: Time resolution for the double-
side readout module. In black the result only considering the time from the central cell back-side PMT, in
green the result obtained averaging the time on the two sides and in blue the resolution using a weighted
average of the two time measurements.

In the case of double-side readout, the information coming from the PMTs on the two sides
of the central cell is combined in order to obtain a better estimate of the timing performance of
the prototype. The timing measurements from the two sides are weighted, taking into account the
correlation between them. The time resolution achieved with this method improves by a factor of
1.5 with respect to the performance obtained using only the timing measurement from the central
channel downstream PMT, as visible in Figure 5-right.

5. Conclusions and future prospects

The results presented in this work show that shashlyk calorimeters represent a promising
solution for future intensity frontier experiments, combining good energy resolution, fast timing
performance, and high granularity. The analysis of test beam data collected at the CERN PS T9
facility demonstrates the capability of the tested prototypes to achieve competitive performance,
both in terms of energy and time resolution.
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A detailed Geant4 simulation, that includes optical photon transport, has been developed
to model the detector response. While the simulation reproduces the general behavior of the
calorimeter, further work is required to improve the agreement between Monte Carlo simulation
and experimental data.

Future efforts will focus on refining the simulation by tuning the detector description and
optical properties based on the test beam results. This is essential to achieve a more accurate
modeling of the detector performance and to guide the optimization of the calorimeter design for
future applications.

Acknowledgement

This work was supported by the Italian PRIN project PRIN_2022HNY9JC (HetCal).

References

[1] Fessler H. et al., A tower structured scintillator-lead photon calorimeter using a novel fiber
optics readout system, Nucl. Instrum. Methods Phys. Res. A, 228 (1985) 303, https://doi.
org/10.1016/0168-9002(85)90273-6.

[2] Yu. Guz, The LHCb Calorimeter system: design, performance and upgrade, 2017 JINST 12
C07024, https://doi.org/10.1088/1748-0221/12/07/C07024.

[3] S. Agostinelli et al., Geant4—a simulation toolkit, Nucl. Instrum. Meth. A 506 (2003) 250–303,
https://doi.org/10.1016/S0168-9002(03)01368-8.

[4] HIKE Collaboration, High Intensity Kaon Experiments (HIKE) at the CERN SPS: Proposal
for Phases 1 and 2, CERN-SPSC-2023-031 and SPSC-P-368, CERN (2023), https://cds.
cern.ch/record/2878543.

6

https://doi.org/10.1016/0168-9002(85)90273-6
https://doi.org/10.1016/0168-9002(85)90273-6
https://doi.org/10.1088/1748-0221/12/07/C07024
https://doi.org/10.1016/S0168-9002(03)01368-8
https://cds.cern.ch/record/2878543
https://cds.cern.ch/record/2878543

	Introduction
	Geant4 simulation
	Experimental setup
	Test beam data analysis
	Conclusions and future prospects

