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The Minimum ionizing particle (MIP) Timing Detector (MTD) is a new sub-detector planned for
the Phase 2 upgrade of the CMS experiment at the CERN LHC, designed to measure the time-of-
arrival of charged particles with a resolution of 30-60 ps. The barrel region of MTD (Barrel Timing
Layer, BTL) is made of arrays of Cerium-doped Lutetium-Yttrium Oxyorthosilicate (LYSO:Ce)
scintillating bars, readout by silicon photo-multipliers arrays. The quality of the BTL LYSO
crystals in the production phase is being monitored in a dedicated laboratory in INFN-Rome1,
for a sample of arrays and single crystals. In order to ensure mechanical compatibility in the
detector assembly, arrays undergo dimensional measurements. The performances of the LYSO
arrays and single crystals are checked by measuring light output, decay time, optical cross-talk,
time resolution, and transmittance. Radiation hardness of the samples against ionizing radiation
by gamma rays are studied as well, in joint effort with the Calliope facility of ENEA-Casaccia
Research Centre.
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1. Introduction

The MIP Timing Detector (MTD) consists of two parts: the Barrel Timing Layer (BTL) and
the Endcap Timing Layer (ETL). The BTL will use arrays formed from 16 Cerium-doped lutetium-
yttrium-orthosilicate (LYSO:Ce) scintillating bars, with Silicon photo-multipliers (SiPMs) at both
ends for precise timing measurements [1]. Two measurements of the time of arrival of a MIP are
combined to eliminate the effect of the time delay of the traveling photons in the crystal. LYSO is
chosen for its high light yield, fast scintillation response and radiation hardness, withstanding doses
of 20-30 kGy by the end of High Luminosity-Large Hadron Collider (HL-LHC).

A market survey from 2018 until early 2023 has been done on samples from 12 producers in
the INFN-Roma1 laboratory (Rome, Italy) [2]. It involved a comparative study of the products by
doing optical and mechanical tests to investigate parameters of timing applications, which guided
the selection of the optimal producer. Once decided, the quality control of the crystals began.

2. Properties of LYSO:Ce crystals and arrays

The key scintillation properties, light output (LO) and the decay time (𝜏), were measured with
a multi-anode photo-multiplier tube (PMT). Maximizing LO in the shortest possible time frame
improves time resolution 𝜎𝑡 . The optical quality control of arrays are done using a setup based on
Time-Of-Flight Positron-Emission Tomography (TOFPET) ASIC, recording energy spectra from
22Na decays in each bar to measure relative LO and optical cross-talk, along with 𝜎𝑡 , using time
differences between signals at the two ends of the crystals and coincident signals between bars.

In Figure 1, correlation between the normalized figure of merit ( 𝐿𝑂
𝜏

) and normalized 𝜎𝑡 is
shown and it’s compatible with photostatistics model, which is an inverse square root. Each point
is averaged over the measurements performed on each ingot: LO and 𝜎𝑡 are taken from each bar
inside the LYSO:Ce arrays, while 𝜏 is taken from bars measured on each ingot.

Figure 1: Normalized 𝜎𝑡 vs normalized 𝐿𝑂
𝜏

, averaged per each ingot. The line presents a photostatistics
model with a 2𝜎 band as the reproducibility error.

2.1 Light Transmittance of LYSO:Ce crystals

A new addition to complement LO measurements is the use of a dual beam spectrophotometer
(Edinburgh Instruments DS5) to monitor the transparency loss of the crystals after irradiation.
Moreover, the measurements can also be used for dopant concentration studies. Figure 2(a) shows
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a transmittance spectrum in an UV-VIS range of a crystal. A dip in transmittance, visible around
360 nm, occurs due to the absorption of cerium for short optical paths. The area of the Gaussian
peak in Figure 2(b), which corresponds to cerium’s absorption peak wavelength (around 360 nm),
is approximately proportional to the concentration of cerium dopant in the crystal. The normalized
cerium concentration distribution of measured production crystals is fitted with a Gaussian and
gives a spread of about 20% [3].

(a) Transmittance spectrum 𝑇 = 𝐼
𝐼0

of a
LYSO:Ce crystal bar in UV-VIS range as

a function of wavelength

(b) Corresponding absorbance 𝐴 = −𝑙𝑛𝑇
for the same crystal bar as a function of

the energy.

Figure 2: Optical spectra of a LYSO:Ce crystal bar.

The area of the weighted emission spectrum (A) is the integral of the LYSO:Ce emission
spectrum mulitplied by the PMT quantum efficiency and by measured longitudinal transmittance
spectrum. The normalized A distribution of production crystals gives a Gaussian spread of about
3.6% [3]. The production crystals are irradiated with 50 kGy of photons from a 60Co radioactive
source to test the effects [4]. A Gaussian fit is done on the distribution of ratio of weighted emission
spectrum before (𝐴𝑝𝑟𝑒) and after (𝐴𝑝𝑜𝑠𝑡 ) irradiation, which gives a mean of 0.92 and a spread of
1.7%, indicating an 8% reduction in crystal transparency.

The quality control of LYSO:Ce crystals has been ongoing at the INFN-Roma1 laboratory.
As of September 2024, the study confirms that the crystals maintain their optical and mechanical
properties across the production batches. Detailed results can be found in Ref. [3]. More than
half of the total has been delivered and measured and the quality control is expected to wrap up in
December 2024.
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