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Abstract

Particle colliders operating at high luminosities present challenging environments for high energy physics event reconstruction and
analysis. We discuss how timing information, with a precision on the order of 10 ps, can aid in the reconstruction of physics events
under such conditions. We present calorimeter based timing measurements from test beam experiments in which we explore the
ultimate timing precision achievable for high energy photons or electrons of 10 GeV and above. Using a prototype calorimeter
consisting of a 1.7 × 1.7 × 1.7 cm3 lutetium-yttrium oxyortho-silicate (LYSO) crystal cube, read out by micro-channel plate photo-
multipliers, we demonstrate a time resolution of (33.5 ± 2.1) ps for an incoming beam energy of 32 GeV. In a second measurement,
using a 2.5 × 2.5 × 20 cm3 LYSO crystal placed perpendicularly to the electron beam, we achieve a time resolution of (59 ± 11) ps
using a beam energy of 4 GeV. We also present timing measurements made using a shashlik-style calorimeter cell made of LYSO
and tungsten plates, and demonstrate that the apparatus achieves a time resolution of (54 ± 5) ps for an incoming beam energy of
32 GeV.
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1. Introduction

Current and future high energy particle colliders are capa-
ble of providing instantaneous luminosities of 1034 cm−2s−1 and
above [1]. The high center of mass energy, the large number of
simultaneous collisions of beam particles in the experiments,
and the very high repetition rates of the collision events pose
huge challenges for physics event reconstruction. They result in
extremely high particle fluxes, causing high occupancies in the
particle detectors operating at these machines. To reconstruct
the physics events, the detectors must make as much informa-
tion as possible available on the final state particles.

Precise timing of particles from high energy beam colli-
sions is one promising method for successfully reconstructing
physics events. Measuring particle time of flight (TOF) with a
precision on the order of 10 ps would allow one to associate in-
dividual particles to primary collision vertices with a precision
of about 1 cm or less, allowing spurious particles to be rejected
from the physics events of interest.

In high energy hadron collisions, about one third of the typ-
ical particle flux is detected as photons stemming from neu-
tral meson decays, identified by means of their interaction with
scintillating material in the detector. Due to the abundance of
photons in hadron collisions, it is viable to consider calorimeter
based TOF detectors, in which the energies and TOF of incom-
ing high energy photons are measured simultaneously via scin-
tillators interfaced with fast photodetectors. Calorimeter based
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options for time measurement could provide an alternative to
dedicated TOF devices on particle detectors, simplifying detec-
tor design.

One candidate scintillator for a calorimeter based TOF detec-
tor is cerium-doped lutetium-yttrium oxyortho-silicate (LYSO).
LYSO crystals are desirable for timing applications because of
their fast rise time (< 72 ps [2]) and high scintillation light yield
(in excess of 30000 photons/MeV [3]). Their radiation hardness
also makes them ideal for use in high energy physics experi-
ments.

The time resolution attained by a crystal calorimeter is in-
fluenced by a number of independent factors [4] (see Fig. 1).
In addition to contributions from the DAQ and the photode-
tector(s), the resolution is affected by jitter in the scintillation
process and in the optical transit time of scintillation photons in
the crystal. For high energy photons incident on the calorime-
ter, variation in the conversion depth also impacts the total time
resolution.

Figure 1: Schematic showing various contributions to the resolution obtained
when measuring time using crystal scintillation light. [4]

To test the viability of a calorimeter based TOF detector, one
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should isolate the effects of these different factors and deter-
mine the contribution of each one to the time resolution. In
this study we aim to investigate the effects of the scintillation
process and the optical transit time on the TOF resolution. To
best isolate these effects, we use beams of high energy electrons
(which do not need to convert before beginning the scintillation
process) instead of photons, and make use of the fastest pho-
todetectors and readout electronics available.

2. Experimental Setup

2.1. TOF resolution using a 1.7 × 1.7 × 1.7 cm3 LYSO crystal

Measurements of electron TOF resolution using LYSO crys-
tals were carried out at the Fermilab Test Beam Facility (FTBF)
using beams of electrons with energies varying between 4 GeV
and 32 GeV. The experimental setup is shown in Fig. 2 and
schematically in Fig. 3. The electron beam impinges upon a
small LYSO cube (1.7× 1.7× 1.7 cm3) that is coupled optically
to a Photek 240 micro-channel plate PMT (MCP-PMT). Lead
bricks are placed in front of the MCP-PMT to shield it from di-
rect hits by the electron beam. A second Photek 240 device is
placed upstream to provide a time reference. A Cherenkov de-
tector, further upstream, discriminates between electrons and
other, unwanted particles in the incoming beam. The three
MCP-PMTs and the Cherenkov detector are connected to a
DRS4 digitizer unit [5] for readout. A small piece of scintil-
lator, coupled to two XP-2020 PMTs and placed in the beam-
line, is used as an external trigger for the DRS4 unit. Coinci-
dence between the two XP-2020 PMTs is required in order for
an event to be recorded.

Figure 2: Photo of the setup used to measure electron time of flight with a
1.7 × 1.7 × 1.7 cm3 LYSO crystal interfaced with an MCP-PMT photodetector
and read out using a DRS4 digitizer unit. The beam arrives from the top edge
of the picture. A Hamamatsu R3809U MCP-PMT is placed downstream of the
setup in order to tag beam particles not fully absorbed by the LYSO crystal, but
it is not used to reject events.

The DRS4 unit has a sampling rate of 5 GHz. To determine
the unit’s intrinsic time resolution, light pulses from a picosec-
ond laser are directed onto an MCP-PMT, whose output is split

Figure 3: Diagram of the setup used to measure electron time of flight with a
1.7 × 1.7 × 1.7 cm3 LYSO crystal interfaced with an MCP-PMT photodetector
and read out using a DRS4 digitizer unit.

and sent to two different DRS4 input channels. The time dif-
ference between the signals recorded on the two channels is
measured for many incident laser pulses, and the RMS of the
distribution of time differences is taken as a measure of the in-
trinsic DRS4 time resolution. This method yields a time resolu-
tion for the DRS4 unit of about 5 ps. The time resolution of the
reference time detector and DRS4 combined is approximately
20 ps [6].

In events that pass the DRS4 external trigger and are not re-
jected by the Cherenkov detector, the TOF between the refer-
ence MCP-PMT and the MCP-PMT attached to the LYSO crys-
tal is measured. The time is extracted from the reference MCP-
PMT using a gaussian fit to the digitized pulse shape (see Fig.
4). The time is extracted from the MCP-PMT attached to the
LYSO crystal using a constant-fraction fit to the rising edge of
the scintillation pulse (see Fig. 5). The difference between these
two numbers is taken as the TOF. The TOF distribution for all
selected events is fit with a gaussian, whose RMS is taken as
the TOF resolution.

2.2. TOF resolution using a 2.5 × 2.5 × 20 cm3 LYSO crystal

In a second measurement, the TOF resolution is measured
using a large 2.5 × 2.5 × 20 cm3 LYSO crystal placed per-
pendicularly to the incoming electron beam. A picture of this
setup is shown in Fig. 6. Photek 240 MCP-PMTs are optically
coupled to the ends of the crystal, and a Hamamatsu R3809U
MCP-PMT is placed downstream as a time reference. The three
MCP-PMTs are read out using the DRS4 unit, and the time
stamps are extracted from the pulse shapes using the gaussian fit
for the Hamamatsu MCP-PMT and the constant-fraction fit for
the Photek MCP-PMTs. To alleviate smearing of the TOF due
to uncertainty in the transverse position of the electron beam,
the times extracted from the two Photek MCP-PMTs are aver-
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Figure 4: Digitized pulse from the reference MCP-PMT, coarse-grained to
show the pulse structure. A gaussian fit to the pulse is used to extract a ref-
erence time stamp for the TOF measurement.

Figure 5: Digitized pulse from the MCP-PMT receiving scintillation light from
the 1.7×1.7×1.7 cm3 LYSO crystal, coarse-grained to show the pulse structure.
A constant-fraction fit to the pulse is used to extract a time stamp for the TOF
measurement.

aged to obtain a single value for the arrival time of the scintil-
lation light.

2.3. TOF resolution using a 1.4× 1.4× 13 cm3 LYSO/Tungsten
shashlik cell

In a third measurement, the TOF resolution is measured us-
ing a 1.2× 1.2× 16 cm3 shashlik style [7] calorimeter cell, con-
structed using alternating plates of tungsten and LYSO crys-
tal (see Fig. 7). This apparatus is placed along the direction
of the electron beam. For the TOF measurement, Hamamatsu
R3809U MCP-PMTs are placed on either side of the shashlik
setup, in direct contact with a single LYSO tile in the stack.
A Photek 240 MCP-PMT is placed downstream of the shash-
lik setup as a time reference. The time is extracted from the
Photek MCP-PMT using the gaussian fit, and the time from
each Hamamatsu MCP-PMT is extracted using the constant-
fraction fit. The time values extracted from the two sides of the
LYSO tile are averaged for the calculation of the TOF.

Figure 6: Photo of the setup used to measure electron time of flight with a
2.5 × 2.5 × 20 cm3 LYSO crystal interfaced with an MCP-PMT photodetector
and read out using a DRS4 digitizer unit. The beam arrives from the top edge
of the picture.

Figure 7: Diagram of the shashlik style calorimeter cell used to measure elec-
tron TOF. The cell consists of alternating plates of LYSO crystal and tungsten,
separated by protective sheets of TYVEK paper. Y11 wavelength shifting fibers
run through the center of the cell and collect light from the LYSO plates for
measurement of the incoming particle energy, but they are not used in the TOF
measurement.

3. Results126

On examination of the scintillation pulses obtained using the
setup with the 1.7 × 1.7 × 1.7 cm3 LYSO crystal, we observe in
many of the pulses an initial ‘spike’ feature that occurs slightly
before the main body of the pulse (see Fig. 11). The cause of
this spike is hypothesized to be direct hits of beam particles on
the entry window of the MCP-PMT coupled to the LYSO crys-
tal. Because this feature occurs in a large fraction of selected
events in this study, we conclude that direct hits on the MCP-
PMT window have an impact on the measured time resolution,
tending to decrease it. In a later test beam experiment, the TOF
measurement was repeated using Hamamatsu R3809U MCP-
PMTs, which have a smaller active area than the Photek 240
and are thus less prone to direct hits. Additional lead shield-
ing is also put in place to further shield the MCP-PMT on the
LYSO crystal.

The TOF distribution obtained using the modified setup is
shown in Fig. 8 for a beam energy of 32 GeV. The TOF resolu-
tion obtained is (33.5 ± 2.1) ps.
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Figure 8: TOF distribution obtained using an electron beam incident on a
1.7 × 1.7 × 1.7 cm3 LYSO crystal interfaced with a Hamamatsu MCP-PMT.
The distribution is obtained using a 32 GeV electron beam. The TOF resolu-
tion is taken to be the width of a gaussian fit to the TOF distribution and is
determined here to be (33.5 ± 2.1) ps.
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The TOF distribution obtained using the 2.5 × 2.5 × 20 cm3

LYSO crystal is shown in Fig. 9 for a 4 GeV electron beam.
The TOF resolution obtained from this distribution is (59 ± 11)
ps.

The TOF distribution obtained using the LYSO/tungsten
shashlik cell is shown in Fig. 10 for a 32 GeV electron beam.
The TOF resolution obtained from this distribution is (54 ± 5)
ps.

4. Discussion

The measurements in Sections 2.1, 2.2 and 2.3 demonstrate
that the goal of sub-100 ps time resolution can be achieved us-
ing lutetium-yttrium oxyorthosilicate crystals coupled to pho-
todetectors. This is an encouraging result that points to the po-
tential usefulness of these crystals in calorimeter based time of
flight detectors. Further study is necessary in order to verify
that the time resolution scales in the expected way with the en-
ergy of the incident particles, and to arrive at an estimate for the
time resolution achievable at very high energies. Future work
will also aim to quantify the physics impact of the achievable
time resolution in a realistic particle detector setting, and to ex-
plore additional avenues, such as increasing the efficiency of
light collection or modifying the algorithm for extracting pulse
times, to further improve the time resolution that can be at-
tained.
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Figure 9: TOF distribution obtained using a 4 GeV electron beam incident on
a 2.5 × 2.5 × 20 cm3 LYSO crystal. The TOF resolution is determined to be
(59 ± 11) ps.
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Figure 10: TOF distribution obtained using side readout of a single LYSO tile
in a 1.4×1.4×13 cm3 LYSO/Tungsten shashlik cell on which a 32 GeV electron
beam is incident. The TOF resolution is determined to be (54 ± 5) ps.
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Figure 11: Example pulse from the 1.7 × 1.7 × 1.7 cm3 LYSO cube setup with
Photek 240 MCP-PMTs. The sharp feature at the leading edge of the pulse
is thought to be caused by a direct hit of a beam particle on the MCP-PMT
window. To mitigate the effects of direct hits, the measurement is repeated
using an MCP-PMT with a smaller active area.
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