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ARTICLE INFO ABSTRACT

Available online 21 November 2014 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

{fgg;;f'timmg order of 10 ps, can aid in the reconstruction of physics events under such conditions. We present
Calorimetry calorimeter based timing measurements from test beam experiments in which we explore the ultimate
High energy physics timing precision achievable for high energy photons or electrons of 10 GeV and above. Using a prototype
Picosecond calorimeter consisting of a 1.7 x 1.7 x 1.7 cm® lutetium-yttrium oxyortho-silicate (LYSO) crystal cube,

read out by micro-channel plate photomultipliers, 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 x 2.5 x 20 cm? 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 4 5 ps for an incoming beam energy of 32 GeV.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Current and future high energy particle colliders are capable of
providing instantaneous luminosities of 10> cm~2s~! and above
[1]. The high center of mass energy, the large number of simulta-
neous 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 information as possible available on
the final state particles.

Precise timing of particles from high energy beam collisions 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 individual
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 typical
particle flux is detected as photons stemming from neutral meson
decays, identified by means of their interaction with scintillating
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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 incoming high energy photons are
measured simultaneously via scintillators interfaced with fast photo-
detectors. Calorimeter based options for time measurement could
provide an alternative to dedicated TOF devices on particle detec-
tors, simplifying detector design.

One candidate scintillator for a calorimeter based TOF detector
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 30,000 photons/MeV [3]). Their radiation hardness also makes
them ideal for use in high energy physics experiments.

The time resolution attained by a crystal calorimeter is influ-
enced by a number of independent factors [4] (see Fig. 1). In
addition to contributions from the DAQ and the photodetector(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 calorimeter, variation in the
conversion depth also impacts the total time resolution.

To test the viability of a calorimeter based TOF detector, one
should isolate the effects of these different factors and determine
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
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to convert before beginning the scintillation process) instead of
photons, and make use of the fastest photodetectors and readout
electronics available.

2. Experimental setup
2.1. TOF resolution using a 1.7 x 1.7 x 1.7 cm® LYSO crystal

Measurements of electron TOF resolution using LYSO crystals
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 schemati-
cally in Fig. 3. The electron beam impinges upon a small LYSO cube
(1.7 x 1.7 x 1.7 cm®) 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 direct hits by the electron
beam. A second Photek 240 device is placed upstream to provide a
time reference. A Cherenkov detector, further upstream, discrimi-
nates 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 scintillator, coupled to two XP-2020 PMTs and placed in
the beamline, is used as an external trigger for the DRS4 unit.
Coincidence between the two XP-2020 PMTs is required in order
for an event to be recorded.

The DRS4 unit has a sampling rate of 5 GHz. To determine the
unit's intrinsic time resolution, light pulses from a picosecond laser
are directed onto an MCP-PMT, whose output is split and sent to two
different DRS4 input channels. The time difference 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 intrinsic DRS4 time resolution. This method
yields a time resolution for the DRS4 unit of about 5 ps. The time
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Fig. 1. Schematic showing various contributions to the resolution obtained when
measuring time using crystal scintillation light [4].
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Fig. 2. Photo of the setup used to measure electron time of flight with a
1.7 x 1.7 x 1.7 cm® 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.
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Fig. 3. Diagram of the setup used to measure electron time of flight with a
1.7 x 1.7 x 1.7 cm® LYSO crystal interfaced with an MCP-PMT photodetector and
read out using a DRS4 digitizer unit.
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Fig. 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 reference time stamp
for the TOF measurement.

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 rejected
by the Cherenkov detector, the TOF between the reference MCP-PMT
and the MCP-PMT attached to the LYSO crystal 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 x 2.5 x 20 cm> LYSO crystal

In a second measurement, the TOF resolution is measured using
a large 2.5 x 2.5 x 20 cm® LYSO crystal placed perpendicularly 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 down-
stream 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 averaged to obtain a single value for the arrival
time of the scintillation light.
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