


Abstract

The GlueX/Hall D project at Jefferson Lab is a particle physics experiment de-
signed to study the properties of exotic and hybrid mesons. Exotic mesons are allowed
by the strong interaction theory (Quantum Chromodynamics), but still elude exper-
imental discovery. The investigation of their characteristics will provide valuable
insights into one of the most exciting phenomena in particle physics - confinement.

The Barrel Calorimeter, currently designed and developed at the University of
Regina, is one of the most essential parts of the GlueX detector. It will provide energy
and position information about photons resulting from meson decays and will be a
part of the particle identification for other particles. Its energy and timing resolution
are thus very important for the unambiguous reconstruction of the experimentally
observed events and in providing input for the partial wave analysis of these events.

A full size module, with a shape similar to the production modules, was built
and and tested under beam conditions at TRIUMF. The primary goal of this beam
test was to investigate the energy and timing resolution of the module in realistic
conditions.

The analysis of the experimental data from this test showed that the timing res-
olution for 250 MeV/c positrons is (232±7) ps, which is an upper limit, as there are
several factors in the beam test which increase this value and which will be eliminated
in production conditions. Values as low as (202±25) ps were observed in separate
runs. The values obtained for the energy resolution were found to be (16.9±0.2)% for
250 MeV/c positrons from the experimental data, but in comparison to the results of
realistic GEANT Monte Carlo simulation of the beam test it can be estimated that
when full account of the deposited energy in the module is made, the intrinsic energy
resolution of the module is only about 10% higher in its energy dependent term than
the design goal of the experiment.

Consistency checks with previous results were also made of properties such as the
effective speed of light and the attenuation length. They were in good agreement
with previously reported data.

The beam test demonstrated that the timing and energy characteristics of the
prototype module were as close as 30% and 10% respectively from the design perfor-
mance values, and provided clues for further improvement of the Barrel Calorimeter
characteristics.



Contents

Contents ii

List of Figures iv

List of Tables vi

1 Introduction 1
1.1 GlueX and the Search for Exotic Mesons . . . . . . . . . . . . . . . . 1

1.1.1 Motivation for the GlueX experiment . . . . . . . . . . . . . . 1
1.1.2 Ordinary and Hybrid Mesons in QCD . . . . . . . . . . . . . . 3
1.1.3 Exotic Mesons . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2 The GlueX Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.2.1 Beam and Tagger . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.2.2 The Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Calorimetry and BCAL Characteristics 19
2.1 Electromagnetic Showers . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 Scintillation Signal and Its Registration . . . . . . . . . . . . . . . . . 25
2.3 Energy and Time Resolution . . . . . . . . . . . . . . . . . . . . . . . 28
2.4 The Barrel Calorimeter Design . . . . . . . . . . . . . . . . . . . . . . 34
2.5 Preliminary Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3 The TRIUMF Beam Test 37
3.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Beam Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.1 Raw Data Analysis Procedure . . . . . . . . . . . . . . . . . . 43
3.2.2 Effective Speed of Light and Attenuation . . . . . . . . . . . . 59

ii



CONTENTS iii

4 Simulations, Energy and Timing Resolution 64
4.1 Preliminary Observations . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.2 Energy Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3 Timing Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5 Conclusion 83

References 85

A Analyzed Experimental Data from All Runs 88
A.1 Analyzed Beam Test Data . . . . . . . . . . . . . . . . . . . . . . . . 88



List of Figures

1.1 A schematic diagram of the usual meson nonets within the three-quark
limit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Qualitative comparison between the QED and QCD interaction. . . . 6
1.3 Illustration of the production of mesons with an excited flux tube by

a pion-nuclear reaction (left) and a photon-nuclear reaction (right). . 8
1.4 CEBAF electron accelerator at JLab and the planned Hall D. . . . . 13
1.5 Photon beam line, view from above, not scaled. . . . . . . . . . . . . 14
1.6 The GlueX detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.7 Angular distribution, in degrees, from the center of the target. . . . . 16

2.1 Electromagnetic showers developed by 120 MeV electrons inside Module-
1, from Monte Carlo simulation. . . . . . . . . . . . . . . . . . . . . . 22

2.2 Possible paths for photons emitted at different angles in a double-
cladding scintillating fiber. . . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 BCAL fiber orientation and connection between Z and timing resolution. 29
2.4 A view of the barrel calorimeter (left) and close view of the cross section

of one module (right). . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1 A view of the experimental equipment in the M11 hall at TRIUMF
(left) and a schematic of the setup (right). Module-1 is wrapped in
black polyethelene sheets to eliminate light leaks. . . . . . . . . . . . 39

3.2 A schematic diagram of the readout electronics. PMTsh,cu: XP 2020,
PMT1: BURLE 8575, CFD: TC 455, LED: LeCroy 821Z, TDC: LeCroy
2228A (50 ps least count), ADC: LeCroy 2249A, DAQ (Data Aquisition
System) consists of a CAMAC crate connected via a ribbon bus to a
PC running Linux. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Attachment of the light guides on one side of the module. The opposite
side is idenically set. . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

iv



LIST OF FIGURES v

3.4 Particle separation at 120 MeV/c from TOF. The mean time of the
left plus right TDC information is ploted on the horizontal axis. . . . 44

3.5 Raw data from the left front TDC (top) and ADC (bottom). . . . . . 46
3.6 Time versus amplitude plot of uncorrected (top) and walk-corrected

(bottom) data from 120 MeV/c positrons. . . . . . . . . . . . . . . . 47
3.7 Mean Timer data not corrected (top) and walk-corrected (bottom) for

120 MeV/c positrons. . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.8 Fitting the left front ADC data for 120 MeV/c positrons. . . . . . . . 50
3.9 Mean Timer (top) and its width (bottom) for positrons as a function

of Z for 120 MeV/c and 250 MeV/c data. . . . . . . . . . . . . . . . . 54
3.10 ADC Geometric Mean and its width for 120 MeV/c positrons as a

function of Z. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.11 Ratio of the width of GM and GM (energy resolution) for positrons. . 57
3.12 Time difference (TD) for 120 MeV/c electrons. The slope is propor-

tional to ceff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.13 Attenuation length from 120 MeV/c electrons. . . . . . . . . . . . . . 62

4.1 Spread in the hit point of 120 MeV/c positrons from Monte Carlo. . . 69
4.2 Energy deposited in all fibers for 500 MeV/c positrons from Monte

Carlo, without the TOF units and the beam spread. . . . . . . . . . . 71
4.3 Energy resolution for positrons without the TOF units and the beam

spread from Monte Carlo. . . . . . . . . . . . . . . . . . . . . . . . . 72
4.4 Energy resolution as obtained by the front and back regions only for

positrons with the TOF and the beam spread units from Monte Carlo. 73
4.5 Energy resolution as obtained by the front region only for positrons

with the TOF units and beam spread from Monte Carlo. . . . . . . . 75
4.6 Extracting the energy independent component of the timing resolution

from the 120 MeV/c positrons, left TDC. . . . . . . . . . . . . . . . . 80



List of Tables

1.1 List of the eight nonets of hybrid mesons; states with strangeness 1 are
not shown. Three of the S = 1 hybrids have exotic quantum numbers
and are the primary target for GlueX. . . . . . . . . . . . . . . . . . 7

4.1 Sampling fraction in Module-1 for positrons from Monte Carlo with
and without the TOF units and the simulated beam spread. . . . . . 66

4.2 Sampling fraction in Module-1 for muons from Monte Carlo with and
without the TOF units and the simulated beam spread. . . . . . . . . 67

4.3 Leakage and undetectable portion of the deposited energy for positrons
from Monte Carlo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

A.1 Beam Test analyzed TDC data for 120 MeV/c positrons. . . . . . . . 89
A.2 Beam Test analyzed TDC data for 250 MeV/c positrons, Front. . . . 90
A.3 Beam Test analyzed TDC data for 250 MeV/c positrons, Back. . . . 91
A.4 Beam Test analyzed TDC data for 120 MeV/c muons. . . . . . . . . 92
A.5 Beam Test analyzed ADC data for 120 MeV/c positrons. . . . . . . . 93
A.6 Beam Test analyzed ADC data for 250 MeV/c positrons, Front. . . . 94
A.7 Beam Test analyzed ADC data for 250 MeV/c positrons, Back. . . . 95
A.8 Beam Test analyzed ADC data for 120 MeV/c muons. . . . . . . . . 96

vi



Chapter 1

Introduction

1.1 GlueX and the Search for Exotic Mesons

The GlueX experiment is designed to study hybrid mesons and especially exotic

ones, which have been a hot topic during the past few years in the particle physics

community. The results of a beam test performed with a prototype module of the

Barrel Calorimeter - a subsystem of the GlueX detector - are presented in this study,

as a first attempt to evaluate its characteristics with low-energy charged particles. The

current chapter outlines the physics goals of the GlueX experiment and the detector

facility designed to provide the experimental equipment to achieve these goals.

1.1.1 Motivation for the GlueX experiment

The strong interaction is one of the four fundamental interactions which the known

Universe exhibits (the other three being the weak, electromagnetic and gravitational).

It is responsible for the variety of physical phenomena on the most basic level: that

of elementary particles. It is an interaction between hadrons - particles consisting

1
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of pairs (qq̄) or triplets (qqq) of spin 1/2 quarks - and like the other three forces it

is mediated by an integer spin particle, the gluon. Quarks, antiquarks, and gluons

are the only particles participating in the strong interaction, but they nevertheless

produce rich and exciting physics, often stretching beyond the boundaries of our

expectation and imagination.

Two of the characteristics of the strong interaction that distinguish it from the

other three are confinement and gluon colour. The potential energy of two interacting

particles in all other interactions decreases with the distance between them, while it

increases between strongly interacting particles, thus making it very difficult to split

apart a strongly interacting system (like a proton). As a consequence, bare quarks

can be observed indirectly and for very short periods of time only if a very high

amount of energy is pumped into the system, but otherwise remain confined in the

aforementioned pairs or triplets. The mechanism responsible for confinement is the

colour quantum number - there are three colours - red, green, and blue (and their

anticolours) and quarks can have one colour (or anticolour), while gluons carry a

colour-anticolour combination. It is postulated that strongly interacting particles

must be colour singlets and particles with colour are forbidden to be free. Colourless

particles can be constructed by having one particle with each of the three colours

in the bound state (the optical analogy is relevant here), or by having one particle

with some colour and another with the corresponding anticolour. The former case

corresponds to baryons (three quarks each with a different colour) and the latter to

mesons (two quarks - one with colour, the other with its anticolour), both subsets

of hadrons. But there are more possibilities. The fact that the gluon has colour,

which is the charge of the strong interaction, means that gluons can interact with

each other, a behaviour not allowed for the electroweak or gravitational interactions,
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and therefore gluons can themselves participate in bound states, together with quarks

in hybrid mesons (qq̄g) or in glueballs (gg or ggg).

The quark model was developed by studying the spectra of mesons and baryons

in the 1960s, and its dynamic nature led to the development of the theory of the

strong interactions - Quantum Chromodynamics (QCD). Quantum Chromodynamics

followed the path set by the very successful Quantum Electrodynamics (QED), but

the peculiarities of the strong interaction made it a much more complex and rich

theory. The mapping of the hybrid meson spectra will be a crucial experimental

contribution towards our understanding of the mechanisms of the strong interaction.

The quantitative understanding of confinement of quarks and gluons within QCD -

one of the most fundamental questions in contemporary physics - is expecting its

answer, and several experiments, finished, in progress, and future, are designed to

provide pieces of this answer.

The GlueX/Hall D project at Jefferson Lab, an international collaboration of

currently twenty six universities and institutions from seven countries, is one of these

experiments. It will study the gluonic degrees of freedom of exotic hybrid mesons

by employing meson spectroscopy methods, which will provide essential data to test

the theoretical models and phenomenology of QCD. A comprehensive discussion of

the physics goals and phenomenology realm of the GlueX/Hall D collaboration can

be found in references [1–4]. A summary of its salient features is recounted in the

remainder of this section.

1.1.2 Ordinary and Hybrid Mesons in QCD

Within the three-quark (u, d, and s quarks) limits of the Quark Model, baryons and

mesons are the two most common strongly interacting systems. This description is
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quite simplified and almost schematic in its approach. The quark and antiquark in a

meson are often regarded as valence quarks, emerging from a sea consisting of virtual

quarks of all flavors and gluons. This dynamic picture is revealed in high-energy

scattering experiments, but normal mesons are nevertheless well described by group

theory as nonets characterized by a given combination of quantum numbers JPC ,

where ~J = ~L+ ~S is the total angular momentum, ~L is the orbital angular momentum

of the two quarks in the meson, ~S is the total spin of the quarks, P = (−1)L+1 and

C = (−1)L+S are the parity and charge parity of the system, respectively. Since the

meson is a fermion-antifermion system, there are restrictions on the symmetries of its

wave function, which impose restrictions on the JPC combinations that are allowed;

all others are forbidden. This case of normal mesons, when all contributions come

from two quarks, is illustrated for the L = 0 case in Fig. 1.1. The S = 0 case produces

the pseudoscalar mesons, including the π, K, η and η ′ (left diagram), and the S = 1

case produces the vector mesons, including the ρ, K*, ω and φ (right diagram). The

fact that no mesons with forbidden quantum numbers were observed in the early

years of the Quark Model lent it credence. But, as was demonstrated later, if these

forbidden combinations exist, they will have masses in the GeV range.

Figure 1.1: A schematic diagram of the usual meson nonets with L = 0, S = 0 (left),
and L = 0, S = 1 (right) within the three-quark limit.
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When the distances between the quarks are small, QCD successfully describes high

energy experimental phenomena qualitatively and quantitatively, by applying pertur-

bative methods in this asymptotic region. In the region of confinement, when the dis-

tances are larger, perturbative techniques become inapplicable, and other approaches

are needed and are in fact being developed. Understanding the role of the gluons

seems crucial in solving the puzzles of confinement in QCD. Hybrid mesons, some-

times defined as a resonance with a dominant valence component of |qq̄+glue> [5],

can provide valuable information about the role of the gluons.

Among the various theoretical models that attempt the description of the un-

derlying process, such as the quark bag model or the constituent-gluon model, the

flux-tube model has recently been prominent. The notion of a flux tube was first

introduced by Nambu [6] to explain the linear dependence of the square of hadrons

masses on their spin (Regge trajectories). The connection between a flux tube and

confinement is illustrated in Fig. 1.2. The force between two electrically charged par-

ticles decreases with the square of the distance between them, and a fewer number of

field lines cross a unit area placed between the charges when the distance increases.

In contrast, because the force between two colour-charged particles is constant with

distance, the same number of field lines cross a unit area placed between the charges

independent of the distance, thus forming this cylinder-like shape of the flux tube.

Constant force means that the potential energy increases linearly with distance, so an

infinite amount of energy is required to split a strongly interacting bound system. Of

course, when the added energy is high enough, new particles will be born - akin to the

tear of a rubber band. Thus the Flux Tube Model provides a qualitative explanation

of confinement.
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Figure 1.2: Qualitative comparison between the QED (top) and QCD (bottom) in-
teraction.

1.1.3 Exotic Mesons

Within the picture of the Flux Tube Model, normal mesons appear when the flux tube

is in the ground state, while the excited states of the flux tube produce hybrid mesons,

mesons that exhibit both quark and gluonic degrees of freedom. Table 1.1 lists the

eight nonets of predicted hybrid mesons along with their quantum numbers. In the

S = 1 group there are six nonets, of which three have exotic quantum numbers. These

exotic hybrid mesons can provide the sought smoking gun signature for confinement,

as their quantum numbers are unique, forbidden for normal mesons. Their spectra

can be mapped with meson spectroscopy and analyzed with partial wave analysis

(PWA), thus extending our knowledge of the strong interaction.

Two candidate processes for the production of mesons, including hybrid and exotic

mesons, are the πN (or KN) and γN reactions, where the first particle is the probe

and the second represents a nucleon as the target. In order to observe hybrid mesons,
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Table 1.1: List of the eight nonets of hybrid mesons; states with strangeness 1 are
not shown. Three of the S = 1 hybrids have exotic quantum numbers and are the
primary target for GlueX.

Particle Name
JPC Sqq̄ ud̄, dū uū+ dd̄ ss̄
1++ S = 0 a1 f1 f1′ non-exotic
1−− S = 0 ρ1 ω1 φ1 non-exotic
0−+ S = 1 π0 η0 η0′ non-exotic
0+− S = 1 b0 h1 h1′ exotic
1−+ S = 1 π1 η1 η1′ exotic
1+− S = 1 b1 h1 h1′ non-exotic
2−+ S = 1 π2 η2 η2′ non-exotic
2+− S = 1 b2 h2 h2′ exotic

the flux tube of the produced particle has to be in an excited state in either case, but

in the case of pions or kaons, the probe is a meson with a qq̄ content, and the two

quarks have their spins anti-aligned with S = 0 (Fig. 1.3, left), while in the case of

a photon probe, the two virtual quarks that will produce the meson are aligned with

S = 1 (Fig. 1.3, right). It is believed [1] that the latter probe enhances the production

of mesons with exotic quantum numbers, since all exotic mesons have S = 1.

Current phenomenology also supports the idea that photons should be more ef-

ficient for exotic production [7, 8]. This is the reason for choosing the photon as a

probe for producing exotic hybrid mesons in the GlueX experiment.

A summary of our current experimental photoproduction knowledge can be found

in The GlueX Design Report [1] and references therein. The typical cross sections

range from numbers of the order of 0.1 µb up to numbers of the order of 10 µb, and

the number of events is typically about a few thousand. This prevents unambiguous

identification of gluonic excitations (some of the reports will be discussed briefly in

what follows in this chapter). At the expected rate of about 107 photons/s for the
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Figure 1.3: Illustration of the production of mesons with an excited flux tube by a
pion-nuclear reaction (left) and a photon-nuclear reaction (right).

first year of running GlueX will provide data four to five orders of magnitude larger

than the existing sets. The ultimate beam rate in GlueX is 108 photons/s.

Two important observables in the process of mapping of the exotic hybrid mesons

spectra are their mass and width. The most accurate estimate about these masses

is provided by lattice QCD (LQCD) calculations. Due to the non-linear nature of

the strong interaction, analytical or perturbative solutions are very hard to obtain.

LQCD is a sound theoretical formulation of QCD, based on discrete rather than

continuous space-time, with natural introduction of momentum cut-off of the order of

1/α, which regularizes the theory. It allows intrinsically non-perturbative phenomena,

such as confinement, to be studied. Due to the complexity of the formulation and the

CPU intensity of the involved calculations, approximation methods are often applied.

These approximations influence the accuracy of the predictions - up to date they

have been performed in the quenched approximation and for varying quark masses

with the results extrapolated toward the light quarks mass limit. It is a reasonable

estimate to expect the experimentally observed masses of hybrid mesons to differ by

0.2 GeV/c2 from the best predictions [3].
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The first predictions of the hybrid meson masses based on the flux tube model

were for degeneracy of the eight nonets at about 1.9 GeV/c2. Several recent LQCD

calculations [9–14] show that the exotic 1−+ nonet is the lightest with masses of the

lightest members from 1.8 to 2.1 GeV/c2 with errors up to 0.2 GeV/c2. There are

few calculations of the mass splittings between different exotic nonets. The splitting

between the 0+− and the 1−+ states was calculated to be 0.27±0.2 GeV/c2 [10]. The

SESAM collaboration finds the mass of π1 from the 1−+ nonet to be 1.9±0.2 GeV/c2,

the mass of
¯
2 from the 2+− nonet to be 2.0± 0.11 GeV/c2, and the mass of b0 from

the 0+− nonet to be 2.3 ± 0.6 GeV/c2 [12]. Another important issue is the width

of each of the exotic mesons. Predictions show that for the 1−+ exotics the width is

expected to be about 100-200 MeV, the width of the 2+− in a similar range, while that

for most of the 0+− exotics in the range 400-650 MeV [15, 16]. The energy splittings

are important, because they originate from the gluonic degrees of freedom, which

are precisely the target for the GlueX experiment. A comprehensive summary about

hybrid masses and splitting in the GlueX context can be found in [3, 17].

The mesons - normal, hybrid or exotic - produced by the photon hitting the target,

decay further and will be reconstructed by their final states. The simplest possible

predictions of the decay modes of hybrid mesons can be made by consideration of the

strong interaction conservation laws (conservation of isospin, parity, C-parity, and G-

parity). For example, consider the possible decays of the b2 hybrid with (IG)JPC =

(1+)2+− into a pseudoscalar 0−+ and a vector 1−− mesons. The conservation laws

then produce four decays with L up to 2: πω, πφ, ηρ, and η ′ρ (decays with strange

products likeK are not considered here; for a systematic overview of all decays see [3]).

The complete chain of events can be described as follows. A photon interacts with

a proton, yielding a proton (or neutron) plus usual mesons and exotic mesons, the
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exotic mesons and short-lived normal mesons also decay, leaving a proton (neutron)

and several normal charged or neutral mesons (predominantly pions) in the final state.

Two examples are:

γp→ nb2 → nπ+ω → nπ+π+π−π0

and:

γp→ ph2 → pb+
1 π
− → pωπ+π− → pπ+π−π0π+π−

The possible final states are numerous and it is crucial to provide high-quality

resolution of the detector, in order to achieve realistic reconstruction of the event.

Events will be analyzed with Partial Wave Analysis (PWA), and its efficiency and

reliability will be greatly improved by achieving a high degree of linear polarization

of the incident photon beam, because for the same relative error lower statistics will

be sufficient.

At the upcoming 12 GeV upgrade of the CEBAF facility at Jefferson Lab, po-

larization of up to 40% will be achieved. The same energy will provide also about

optimal photon energy of about 8-9 GeV, which will facilitate the production of exotic

mesons.

So far there are several reports concerning the observation of exotic mesons. The

E852 experiment at Brookhaven National Lab has reported the observation of an

exotic JPC = 1−+ in πp interactions at 18 GeV/c2 with a mass of 1593 ± 8 MeV/c2

and a width of 168± 20 MeV/c2, decaying into ρ0π− [18]. In a later report [19] with

higher statistics data no evidence was found for this exotic state, so the evidence

remains controversial at least. Two other papers of the same collaboration [20, 21]

report the observation of a state with similar mass 1597±10 MeV/c2 with significantly

larger width of 340 ± 40 MeV/c2 and decaying into η′π−, and one more JPC = 1−+

state with a mass of 1370±16 MeV/c2 and a width of 385±40 MeV/c2 decaying into
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ηπ−. The Crystal Barrel Collaboration [22] reported an exotic state with JPC = 1−+

produced in a p̄n → π−π0η reaction with a mass of 1400 ± 20 MeV/c2 and a width

of 310± 50 MeV/c2. The first observed exotic meson decaying into ηπ0 with a mass

of 1400 MeV/c2 was reported by the GAMS collaboration [23] in the reaction π−p→
ηπ0n, but the analysis was later redone and showed ambiguity in the results [24]. A

P-wave contribution in ηπ was reported by the VES collaboration [25], and the KEK

collaboration claimed the observation of an exotic ηπ state [26], but the observed

mass and width was so close to the a2(1320), that leakage from the dominant D-wave

could be present. The mapping of hybrid meson spectra implies that more than one

nonet will be observed, with more than one member of each no net, and the envisioned

statistics and quality of data for GlueX are considered very promising in this respect.

In the GlueX experiment, the photons will be produced by coherent brehmsstrahlung

of electrons hitting a diamond target, which will provide the necessary degree of pho-

ton polarization (about 40%), while keeping the energy at the required level (8-9

GeV). The photons will then hit a hydrogen target, mesons will be produced, and

their decay products will be registered by the GlueX detector and analyzed.

A summary of our current experimental photoproduction knowledge can be found

in The GlGlueXesign Report [1,27] and references therein. The typical cross sections

range from 0̃.1 µb up to 1̃0 µb, and the number of events is typically about a few thou-

sand. This prevents unambiguous identification of the targetted gluonic excitations

(some of the reports will be discussed briefly in what follows in this chapter). At the

expected rate of about 107 photons/s for the first year of running GlueX will provide

data four to five orders of magnitude larger than existing data sets. The ultimate

beam rate goal in GlueX is 108 photons/s.
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1.2 The GlueX Detector

The goals of the GlueX experiment include reaching meson masses of up to about

3 GeV/c2 and identifying candidate exotic hybrids with reasonable statistics. The

photon energy must be high enough to produce these mass states with sufficient boost,

so that the phase space of the decay products is not compressed, thus allowing their

unambiguous identification. The energy upgrade of the CEBAF facility at Jefferson

Lab to 12 GeV electron beam will provide photons with enenergies-9 GeV, thus

meeting these needs. The Thomas Jefferson National Accelerator Facility (JLab) is

a continuous electron beam accelerator, currently operating at maximum energy of

6 GeV, with unique superconducting electron accelerating technology. It consists

of two linear accelerating sections (linacs), two bending sections, an injector and

experimental halls, currently three - Hall A, B, and C. Before splitting the beam for

the three experimental halls, it performs five passes. The 12 GeV upgrade will be

provided by augmenting the present 20 cryomodules with 10 new, higher-performing

ones, 5 on each linac, and by adding a recirculation beamline to one of the bending

arcs, allowing a sixth pass of the beam through one of the accelerating sections (see

Fig. 1.4). This will raise the energy reach for the original halls to 11 GeV, so their

equipment will be upgraded. The GlueX experiment will be situated in a new hall

- Hall D, opposing the existing three halls. The energy reach for Hal D will be

12.1 GeV. Most of the auauxiliaryquipment (such as the refrigeration plant) will also

be upgraded.

Some of the desired characteristics of the GlueX detector is full (hermetic) coverage

(4π), and the ability to measure neutral and charged particles, with the appropriate

resolutions and planned statistics. As in any sophisticated equipment, these features

will be achieved with careful planning, design and analysis for all parts of the acceler-
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ator and detector - the beam line (outside the experimental hall) and each subsystem

of the detector inside the hall. The key features are described next.

Figure 1.4: CEBAF electron accelerator at JLab and the planned Hall D.

1.2.1 Beam and Tagger

The electron beam from the accelerator will enter the Photon Source and Tagger

building, which contains fine steering magnets, the crystal radiator mount (which has

the diamond wafer for the photon production), and the tagger spectrometer (Fig. 1.5).

The purpose of the tagger spectrometer is to bend out and measure the energy of

the electrons exiting the target after producing the brehmsstrahlung photons, this

way providing information (”tagging”) about the energy of the resulting photons.

The electrons are then collected in the electron beam dump. The linear polarization

of the photon beam will be provided by special orientation of the diamond crystal,

which will cause the electron to emit through coherent brbrehmsstrahlunghotons with

the desired energy and polarization (40% of the photons will be linearly polarized,
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and the energies will be in the range 8-9 GeV). The photons go through the photon

beam pipe and the primary and secondary collimators and a sweeping magnet which

increase the beam popolarizationisignificantlybefore entering the Experimental Hall.

One of the purposes of the collimators and the sweeping magnet is to susuppressnpo-

larized photons. The photons passing through the detector without interaction will

be collected by the photon beam dump.
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Figure 1.5: Photon beam line, view from above, not scaled.

1.2.2 The Detector

The GlueX detector is based on a solenoid design. It consists of several subsystems

(Fig. 1.6): the target (liquid hydrogen or deuterium, with provisions for replacing

with a solid material), three calorimeters - the Upstream Veto (UPV), the Barrel

Calorimeter (BCAL), and the Forward Calorimeter (FCAL), the Central and For-

ward Drift Chambers (CDC and FDC respectively), the Cerenkov and the Time of

Flight (TOF) detectors. The magnetic field will be provided by a 2.24 Tesla super-

conducting solenoid magnet. The magnet was originally built at SLAC and used in

other experiments, before its refurbishment started in 2002 at Indiana University. A

comprehensive review of the characteristics of the magnet and the field it provides

can be found in the GlueX Detector Review [2].
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Figure 1.6: The GlueX detector.

Calorimetry

Particles (neutral and charged) produced in an experimental event will reach one of

the three calorimeters and will deposit all their energy in them. The precise energy

and timing (respectively position) information from the calorimeters is especially

important for neutral particles, because the other subsystems of the detector cannot

provide it.

The Barrel Calorimeter will be a cylinder of 48 trapezoidal modules, each con-

sisting of scintillating fibers glued and pressed between lead sheets, with inner radius

of 65 cm, outer radius of 90 cm, and a length of 3.9 m. It will provide calorimetric

information for all particles falling into its polar angle coverage (from 14 to 138 de-

grees). Further details of its characteristics and design performance are discussed in

Chapter 2, as this subsystem is the subject of this thesis.

The FCAL will cover approximately polar angles that are less than 14 degrees. It

will detect the forward going photons and may be used in the trigger. It will consist



CHAPTER 1. INTRODUCTION 16

of about 2500 lead glass blocks with dimensions 4× 4× 45 cm3, arranged in a nearly

circular stack of radius about 1 m. The choice of the type of glass, dimensions of

the blocks, and the readout system were based on previous experiments: E852 at

Brookhaven Lab and RADPHI at JLab.

The UPV will dedetecthotons that are scattered in the backward direction. Sim-

ulations show [28] that about 10% of the photons are not detectable by the BCAL or

FCAL as designed. Those are photons emitted at angles greater than 135 degrees -

see Fig. 1.7.

Figure 1.7: Angular distribution, in degrees, from the center of the target.

The UPV is designed to detect soft photons of energy 20 MeV and greater. It will

consist of alternating layers of scintillator and lead sheets, wiwith 10 cm hole in the

center for the beam to pass.

Tracking Chambers

The Tracking Chambers works on the same principle all ioionization detectors work

- a particle passing trough a gas will ionize it and if an electric field is applied this
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charge can be collected and measured. This gives us information about the amount

of energy deposited in the medium from the passing particles (dE/dx) and also in-

formation about the spacial coordinates of the particle. For GlueX the geometry and

parameters of the tracking chambers must meet requirements similar to those for the

calorimeters: 4π solid angle coverage and sufficient momentum resolution to identify

charged particles. The chambers must also extend as close as possible to the target

in order to provide accurate vertex information for identification of the decaying par-

ticles. There will be two different tracking regions: the Central (or Cylindrical) Drift

Chamber, surrounding the target and consisting of straw tubes, and Forward Drift

Chambers (FDC’s), planar with circular shape, located within the downstream half

of the BCAL.

Time of Flight (TOF)

The TOF will consist of two layers of scintillation counters rotated at 90 degrees

with respect to each other and will be located between the Cerenkov Counter and

the FCAL. The TOF will provide time of flight information for the particles in the

central region. The design dimensions are: 6 cm width (so the probability of charged

particles from the same event going through just one bar in both back and front

planes is reasonably small), 1-2 cm thickness to produce a sufficient amount of light

to meet the resolution requirements and at the same time to minimize the amount of

material in front of the FCAL.

Cerenkov Counter

The TOF measurements alone are sufficient for particle identification with momentum

up to 3 GeV/c. Since the particles in the forward region (polar angles up to 20 degrees)
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will have momenta above that limit, a Cerenkov detector is included. Cerenkov

radiation arises when a charged particle in a medium moves faster than the speed of

light in this medium. The fact that there is dependence between the emission angle

of this radiation on the particle velocity is exploited in the Cerenkov counters.



Chapter 2

Calorimetry and BCAL

Characteristics

The origin of the term calorimetry lies in thermodynamics and is usually understood

as the measurement of some amount of heat in an insulated system. In particle

physics the quantity measured is not heat, but rather energy deposited by different

mechanisms in the calorimeter. Nevertheless, it still has the meaning of measuring the

complete amount of energy of an object as, unlike many other particle detectors, the

purpose of a calorimeter is usually to completely absorb the energy, e.g. of a photon,

a lepton, a hadron, etc., entering its volume. There are various ways to achieve this

goal, and these ways also vary with the types of particles that have to be detected

that are reflected in the different ways calorimeters can be categorized.

On the basis of types of particles, the most common division of calorimeters is

in electromagnetic calorimeters and hadronic calorimeters.As the terms indicate, the

former are designed to detect electromagnetic showers (consisting of photons, elec-

trons and positrons) while the latter detects these as well and is optimized for the

19
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detection of hadrons. Decay products of hadronic interaction are hard to detect in

uncompensated hadronic calorimeters. Specifically, part of the energy in hadronic

processes can go undetected (e.g. due to knocked-out neutrons) and this is a rea-

son why usually hadronic calorimeters have lower energy resolution. Compensated

hadronic calorimeters use a material (like uranium) that transforms this ”invisible”

energy into energy that can be detected.

The main purpose of BCAL is to detect photons coming predominantly from

π0 and η decays and in addition to provide timing information for charged particles

(together with the CDC, it will be the primary particle ID for most protons). For this

reason the rest of the discussion in this chapter will concentrate on electromagnetic

calorimeters.

On the basis of detection mechanism, calorimeters can be divided into scintillation

calorimeters, Cherenkov radiation calorimeters, ionization calorimeters, and others.

The choice of detection mechanism is dictated by the purpose - types of particles,

energy range, desired resolutions, etc., and this choice is a complicated issue that has

to take into account often contradicting requirements. Since the choice for the BCAL

is to use scintillators, scintillator based calorimeters will be the focus of the current

chapter.

Scintillation calorimeters can be further classified on the bases of their design. A

broad way of classification is: (a) - homogeneous and (b) - sampling calorimeters.

Homogeneous calorimeters consist of only one medium, the scintillator, and all the

energy is deposited in it. Such an example is a lead-glass calorimeter and one is in

fact used in GlueX (FCAL). Having all the energy deposited in the active medium

is to a great extent desireable, but not suitable to all applications. Some of the

reasons for this can be large dimensions (to contain all the energy of the incident
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particle) and respectively cost, construction demands or design issues. Sampling

calorimeters on the other hand consist of an active medium (the energy deposited in

it produces the measured signal) and a passive medium. They are called sampling

because the energy deposited in the active medium ”samples” only a fraction of the

total deposited energy. The BCAL is a sampling calorimeter consisting of scintillating

fibers embedded in grooved lead sheets and glued to them. Thus it is a scintillator

based sampling calorimeter. This choice will be justified in the following discussion

in close comparison with other calorimeters with similar target particles and energies

(especially the one used in the KLOE experiment). Ref. [29] is recommended as a

comprehensive reference on calorimetry in particle physics.

2.1 Electromagnetic Showers

Electromagnetic calorimeters operate based on the fact that high-energy photons

and electrons/positrons develop an electromagnetic shower when traversing a high-

density material. The mechanism and the characteristics of the shower are the same

for electron-induced and photon-induced showers, with the notable exception that the

first interaction of a photon shower starts on the average at some initial depth (9/7 of

a radiation length on the average), while electrons start losing energy immediately as

they enter the medium. An example of electromagnetic showers initiated by 120 MeV

electrons is shown in Fig. 2.1. The bulk part of this shower are electrons, positrons,

and photons produced by the incident particle via different mechanisms.

The majority of detectable particles incident on the Barrel Calorimeter will be in

the hundreds of MeV to a few GeV range. Two important mechanisms contribute

to the electron energy loss in dense materials at these energies - ionization (together
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Figure 2.1: Electromagnetic showers developed by 120 MeV electrons inside Module-
1, from Monte Carlo simulation.
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with atomic excitations) and brehmsstrahlung. While the cross section for ionization

is relatively flat in the MeV range, the brehmsstrahlung cross section increases steeply

with energy and becomes the dominant process at what is known as the critical en-

ergy. The critical energy is of the order of a couple of tens of MeV for high-density

materials (about 20 MeV for copper), so at the initial stages of the electromagnetic

shower electrons and positrons (in the hundreds MeV or GeV range) mainly lose en-

ergy by emitting brehmsstrahlung photons. The interaction of the photons with dense

materials is governed by three basic mechanisms - electron-positron pair production

(the photon energy must be at least twice the electron mass), Compton scattering,

and photoeffect. The pair production becomes the dominant process when the pho-

ton energy is above about 10 MeV (e.g. 10 MeV for iron and 4.6 MeV for uranium).

Below that, Compton scattering becomes dominant until below 1 MeV energies, when

photoeffect has the greatest cross section. Thus, the first stages of an electromag-

netic shower can be described as following: an electron/positron emits high-energy

brehmsstrahlung photons (or if the incident particle is a photon, the shower starts

with it), which in turn produce electron-positron pairs, which then produce more

brehmsstrahlung photons, and so on. Examples of the cross sections for some mate-

rials can be found in the Particle Data Group booklet [30].

Electrons and positrons, of course, lose energy through ionization and atomic

excitations all the way along. When gradually the particles in the shower become less

energetic, these losses become dominant, and finally a significant portion of the energy

is deposited by very slow electrons (below 1 MeV energy). At this low-energy stage

of the shower development, Compton scattering and photoeffect become dominant

for photons, and this is how these low energy electrons are created. Typically for the

MeV and GeV range hundreds or thousands of charged particles are created from the
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moment the incident particle enters the detector until all energy is absorbed. The

ranges of 1 MeV electrons in high-density materials typically are of the order of 1 mm,

and this is an important fact, as it has been shown ( [29] and references therein) that

the number of low-energy electrons participating in the energy deposition in the active

material of sampling calorimeters is the major contribution to the energy resolution.

This is a simple consequence of the fact that some of the electrons created in the

absorber never reach the active medium, and this fraction fluctuates from event to

event. In one of the next sections, the approach GlueX has selected to decrease this

effect is described.

The longitudinal development of the shower scales with the radiation length of the

medium, which is defined as the mean length in the medium in which a high-energy

electron loses all but 1/e of its energy through brehmsstrahlung. The radiation length

is an important characteristic of the calorimeter, as it determines its thickness for

the desired degree of shower containment. Thicknesses of fifteen or twenty radiation

lengths are typical for electromagnetic calorimeters. The radiation length of Module-1

was determined by calculations to be 1.29 cm ( [31]) which corresponds to a thickness

of the BCAL modules of about 18 radiation lengths.

At the last stages of the shower, the low-energy particles deposit part of the total

energy by exciting the atoms or molecules of the active medium (the scintillating

fibers in the case of BCAL), which then forms the detectable signal. For the Barrel

Calorimeter this happens in the active medium of the scintillating fibers - the ex-

citations are relieved by emitting scintillation photons (fluorescence, if the photons

are within the range of visible light wavelengths). These scintillation photons are

transmitted through the fibers to the detection devices - PMTs or SiPMs.
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2.2 Scintillation Signal and Its Registration

When charged particles travel in materials, they interact with the Coulomb fields

of the atoms and molecules and lose energy through ionization of these atoms and

molecules or by bringing them into an excited state. The ionization losses are usu-

ally in the tens of eV to tens of keV, while atomic excitations are in the 1 eV and

below. The excited atoms or molecules are unstable and release an amount of energy

- the scintillation photon - in order to get to their ground state. This picture is of

course simplified. The process of excitation can occur between the ground state and

an excited state, from which the molecule goes to an intermediate state with non-

radiative transition, which then decays into the ground state or vibrational states of

the ground state. In general, all degrees of freedom can participate in the process,

and the more complex the substance is, the more mechanisms are involved. But the

final effect is that (visible) light is emitted and the scintillator is transperant to it,

because exciting the state with the respective energy difference is highly improbable

(e.g. the final state of the radiative transition is almost not populated).

Scintillating materials have several important characteristics [32]: sensitivity to

energy (most scintillators are linear above some minimum energy), time response and

pulse shape discrimination (in some cases it is possible to distinguish the type of

incident particle by analysis of the shape of the pulse it creates). Usually the more

complex the substance is, the faster the time response is. NaI for example has a

decay constant of 230 ns (this is the time of the signal to decrease from its maximum

value to 1/e of it; the rise time is usually much shorter), while for plastic scintillators

the decay constant is typically 2-3 ns. This is one factor that determines the pulse

characteristics and duration in the registration equipment (the shower itself develops

within a couple of nanoseconds). At the event rates of GlueX, it is obvious that fast
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scintillators are necessary and this is one reason for the choice of plastic scintillators.

Figure 2.2: Possible paths for photons emitted at different angles in a double-cladding
scintillating fiber.

The photons emitted by scintillation have a uniform angular distribution, unlike

the industrial applications of optical fibers, when the light pulse is injected at an

angle close to the fiber axis, in order to avoid reflections as much as possible. The

fiber consists of a core with an index of refraction usually about 1.6 and one or more

claddings with decreasing index of refraction (Fig. 2.2). The surfaces are very well

polished, in order to decrease the loss of photons from roughness. The light above the

angle of the total internal reflection for the core can be trapped in the first cladding (by

its own total internal reflection), or in the second cladding, etc. Usually the cladding

light forms a short component (of the order of several of dozens of centimeters), while

the core light forms a long component (a few meters) and the decrease in the number

of photons with the distance along the fiber from the point where photons were born

is called attenuation. The attenuation can be described by the following formula:
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Here λ1 and λ2 are the short and long components of the attenuation length,

respectively, and for distances above 1 m the long component (core light) becomes

strongly dominant. The amount of light produced at large angles (above the angle of

total internal reflection of the claddings) is completely lost for all practical purposes.

The amount of light that reaches the end of the fiber goes into the registration

devices (e.g. PMTs or SiPMs), through an optical coupling in the case of the PMT,

and can be mediated by light guides, which can serve several purposes - to fit the

dimensions of the calorimeter segmentation to the PMT input, to change directions, to

produce a uniformly distributed spot on the PMT photocathode and to decrease the

effect of any magnetic fields present in the vicinity of the calorimeter. All the stages

of light transmition and registration outside the fibers lead to losses and contribute

to the overall resolution. These losses have to be minimized and calculations in this

respect are currently under progress at the University of Regina (see, for example [33]).

Finally, the light incoming into the PMT (PMTs were used for the beam test) pro-

duces photoelectrons, which form the amplifying cascade in the PMT and it produces

an output signal for the electronic units (TDCs, ADCs, discriminators, etc.). The

quality of this signal depends, apart from the already mentioned factors, on the gain

of the PMT and its quantum efficiency, which in turn depend on several quantities,

and can be an additional factor for the energy and timing resolution of the detector.
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2.3 Energy and Time Resolution

Three types of resolution are among the most important characteristics of electro-

magnetic calorimeters: energy resolution, timing resolution, and spatial resolution.

The energy resolution is the crucial factor in determining as precisely as possible the

energy of the incident particle - which is indeed the main purpose of the calorimeter.

The spatial resolution is important for reconstructing the event, and, of course, the

information provided by the calorimeter is often the only information available (e.g.

for neutral particles). Apart from being important for the timing information itself,

the timing resolution also influences the spatial resolution (in one or more directions).

As an example, due to the detector design, the fibers of the Barrel Calorimeter

are parallel to the beam axis (Fig. 2.3), and the spatial resolution in Z is strictly

determined by the timing resolution. The spatial resolution in rφ is to a great extent

determined by the segmentation, reconstruction algorithm, and other factors, to-

gether with factors that determine the energy resolution (like the sampling fraction,

discussed below). The main purpose of the Barrel Calorimeter is the reconstruction

of the energy of incident particles, with as high precision as possible, and the energy

resolution is the focus of the discussion of the current section. The timing resolution

will also be discussed, since it is the second most important characteristic of BCAL

and its performance.

By definition, the energy resolution is a measure of how well two signals with

similar energy can be distinguished from one another. A good measure of the energy

resolution is the width of the energy distribution of, for example, a sample of 1000

events of identical particles (same energies, directions, etc.). Since this is a proba-

bilistic process at all stages, each event will produce a different energy signal in the

measuring devices and it is an important task to evaluate the different factors and
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Figure 2.3: BCAL fiber orientation and connection between Z and timing resolution.

minimize the resolution as much as possible. The resolution is often defined as the

Full Width at Half Maximum (FWHM) of the distribution resulting from identical

particles and depends on the types of particles, their energies, etc. The FWHM of

course is strictly proportional to the standard deviation (for a Gaussian distribution).

The standard deviation (σ) will be used consistently as the characteristic width from

this point forward when discussing resolutions.

The overall energy resolution of sampling calorimeters is usually given by the

equation:

σvis
Evis

= a+
b√
Einc

(2.2)

Here σvis is the width (if fit by a Gaussian) of the measured energy distribution

(this is called the visible energy here, meaning only the energy deposited in the fibers),

Evis is the measured energy, Einc is the energy of the incident particle in GeV, and

a and b are coefficients to be determined from fitting experimental or Monte Carlo
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generated points. It is important to understand that for sampling calorimeters the

quantities on the left hand side of the equation are the measured values - only part of

the energy deposited in the calorimeter is deposited in its active material, and only

part of this energy is transformed into scintillation photons, and only part of those

are registered by the electronics. For homogeneous calorimeters the constant term on

the right hand side can be the leading one, and this term is largely determined by

instrumental factors - gain fluctuations, uniformity of the spot on the PMT, quantum

fluctuations, electronics noise (at the later stages of registration), etc. This constant

term is of the order of 1-2% for both types of calorimeters. For sampling calorimeters

the two coefficients have a more complicated connection, but the second term is the

dominant one, even at high energies, and it is established that the main contribution

comes from the sampling fraction fluctuations [29].

At very high energies, more effects can contribute to the resolution and increase it

again. Such effects can be ionization density (high ionization density causes recombi-

nations and this energy is essentially lost) or excitation density (some of the excited

molecules interact with other excited molecules and also annihilate part of the de-

tectable energy). These effects will be further disregarded, as they do not contribute

significantly in the energy range of interest.

The sampling fraction can be defined as follows: this is the ratio of the amount

of energy deposited in the active medium (scintillator) and the amount of energy

deposited in all materials. This ratio is different for different particles, and the usual

benchmark is given for a minimum ionizing particle (mip). The minimum ionizing

particle is a hypothetical particle, and its definition is a particle with energy for

which the ionization losses in the given material are minimal and independent of

the particle’s total energy. Muons with a couple of hundred MeV of kinetic energy



CHAPTER 2. CALORIMETRY AND BCAL CHARACTERISTICS 31

are very close to a mip in some materials, but nevertheless mip losses cannot be

directly measured, because after the muon enters the material it starts losing energy

by ionization and by definition is no longer a mip. Ususally the mip contribution

can be extracted by measuring muon energy depositions at different energies and

subtracting the non-mip contributions. For non-mip particles the sampling fraction is

different for sampling calorimeters and for electrons a value of 0.6 ratio electrons/mips

is typical.

As mentioned above, the fluctuations in the sampling fraction determine the en-

ergy resolution of sampling calorimeters. This is reflected in the coefficient b of

the overall resolution equation - at higher energies more particles participate in the

shower, and the fluctuations become relatively smaller, with an inverse square root

dependence, as expected by the dependence of the number of particles participating

in the shower on the energy of the incident particle. It is exactly the number of

low-energy (below 1 MeV) electrons and positrons that participate in the energy de-

position in the active medium which determines the sampling fraction of the energy

and therefore the resolution. If some of them are created in the absorber and do not

reach the active medium (their typical range is below 1 mm), they do not deposit

visible energy and the signal is lost. Of course, this number fluctuates from event to

event, and there are two basic approaches to decrease these fluctuations: (i) increase

the fraction of the active medium, or (ii) increase the sampling frequency.

Increasing the fraction of active medium is not always practical. Usually the

passive medium is high-density material (like lead, density about 11.4g/cm3), while

the active medium is low density (like scintillators with densities about 1g/cm3). This

requires much larger detector dimensions (for the same number of radiation lengths),

and respectively cost and engineering problems. Therefore, increasing the sampling
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frequency can help - the surface area of contact between the active and passive media

can be increased, thus permitting more and more particles to participate in the energy

deposition in the active medium. In the case of the Barrel Calorimeter, with volume

ratio of fibers:lead:glue about , this means more and thinner scintillating fibers, spaced

at small distances from one another. Of course, this has limits and countereffects too.

If the fibers are very thin they will have higher attenuation (because more reflections

will occur), more fibers will be needed (so it will be more expensive), uniformities and

difficulties in construction will become important, etc. The guide to the choice of fiber

thicknesses, separation, and type are previous experience, Monte Carlo simulations,

and sample module experimental tests.

The lead-scintillating fiber calorimeter was invented in the 1980s in connection

with several CERN projects (for a discussion see Ref. [34]). It was aimed to improve

the energy resolution of the sandwich type calorimeters (consisting of layers of e.g.

lead and scintillator). Several prototypes were built and tested, and soon the tech-

nology became a standard for several experiments. Among these, the following two

are worth mentioning: The JETSET lead/fiber calorimeter [35] used at CERN’s low

energy antiproton ring achieved an electromagnetic energy resolution of 6.3%/
√
E.

It’s radiation length was 16 mm and the sampling fraction was about 17% for mips.

The KLOE lead/fiber calorimeter [36] used at DAPHNE with an electromagnetic en-

ergy resolution of 5.4%/
√
E, whose radiation length was also 16 mm and the sampling

fraction was also 17% for mips.

These two calorimeters were the starting point for the GlueX Barrel Calorimeter

design, since the conditions of particle energies, efficiencies, events rates, etc. are very

similar. So the design goal for the energy resolution of the Barrel Calorimeter was

set to [1]:
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σ

E
= 0.7% +

5.4%√
Einc

(2.3)

The timing resolution benchmark for BCAL was also the timing resolution achieved

by the KLOE calorimeter, as its task was very similar in this respect. The impact

of the timing resolution of the KLOE calorimeter was the following: very precise

determination of the vertex in K → π0π0 events was needed, with rejection of the

K → π0π0π0 events; it also had to provide the trigger. Typical detectable particles

were photons in the 50-300 MeV range, produced by the pion decays. Because of the

very fast signal generated by the scintillators, by measuring the arrival times at the

two ends of the fibers, the position of the shower along the fiber could be determined

with a precision of 1-2 cm. The spatial resolution is directly proportional to the

timing resolution, and therefore timing resolution becomes crucial.

The BCAL for GlueX serves similar purposes with respect to the timing resolution,

so the design goal for the BCAL was set to the number reported by KLOE:

σt =
56ps√
E
⊕ 133ps (2.4)

The first term is again due to the sampling fluctuations, discussed at length above.

The second (constant) term is primarily due to the spread of the luminous point in

the Z direction.

The next section describes in detail the Barrel Calorimeter design. One additional

point worth mentioning is that Monte Carlo simulations produce very good predic-

tions about electromagnetic showers and, since the sampling fraction is the major

source of energy resolution for BCAL in the desired energy range, these simulations

became a valuable tool in estimating certain quantities and their relations.
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2.4 The Barrel Calorimeter Design

The Barrel Calorimeter will be located right inside the solenoid, and will surround the

drift chambers. It will consist of 48 modules with a trapezoidal shape with a length of

390 cm, inner radius of 65 cm, and outer radius of 90 cm (Fig. 2.4, left). Scintillating

fibers will be used with 1 mm thickness, with distance between the fibers in a layer

of 1.35 mm, and thickness of the lead sheets of 1.18 mm (Fig. 2.4, right). The fibers

have double cladding, and are glued to the lead sheets, so the relative volume ratio

of fibers:lead:glue is about 50:42:8. This provides 2π coverage in φ along the length

of the modules, and coverage from 10 to 138 degrees in θ.

Figure 2.4: A view of the barrel calorimeter (left) and close view of the cross section
of one module (right).

The signal from groups of fibers will be collected together according to the segmen-

tation scheme (currently five layers times four sectors are planned for the innermost

10 cm of each module, and four layers times three sectors for the rest of the mod-

ule), by light guides. The dimensions and shapes of the light guides are currently

under investigation and are connected with the readout choice. Currently SiPMs
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are the devices of choice, as they are insensitive to magnetic fields, have high gain,

good quantum efficiency, excellent timing resolution and fast rise times. Conventional

PMT-based readout is the backup choice, in case of R&D delays or production test

difficulties.

Module-1, used for the TRIUMF Beam Test as a test module, has somewhat

different dimensions: 400× 13× 23.7cm3. The fibers used are double-cladding Poly-

HiTech with 1 mm diameter. The module was constructed during the spring and

summer of 2004 at several stages - cutting and grooving the lead sheets in Regina,

then gluing the fibers to the lead sheets in a clean room at the University of Alberta

in Edmonton, and pressing the finished module.

2.5 Preliminary Tests

Several tests of components of the BCAL (like the fiber attenuation length [37]) or

of Module-1 [38], and Monte Carlo simulations (see for example [41]) were performed

as a preliminary stage of the TRIUMF Beam Test. In the Monte Carlo simulations

it was verified that no substantial amount of energy leaks from the photon-initiated

showers at the test energies of 120 and 250 MeV. Monte Carlo results for electrons

and muons, performed especially for Module-1 and taking into account the additional

pieces of equipment (trigger, scintillation bars), are presented in Chapter 4. The

results from a surface scan and a cosmic ray test are briefly discussed in this section.

The purpose of the surface scan was to determine the uniformity of the achieved

signal at the surface of a smaller, 2-m long module (Module 0) [38]. The results

showed that within the experimental error of 6%, the signal obtained with the PMT

is constant. An important observation was that the quality of optical coupling is
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very important for the reliability of measurements. Since some of the construction

technology was improved for Module 1, the surface scan results set an upper limit for

the contribution of non uniformity across the readout surface of the modules.

The cosmic ray test was performed with Module-1 and five points were measured

along its long side - at the two ends, 1, 2, and 3 meters from one of the ends. A

value of (16.5±0.3) cm/ns was extracted for the effective speed of light, and a value

of (266±45) cm was extracted for the attenuation length. These values can serve as

a comparison with the ones obtained with Module 1 from the TRIUMF Beam Test.



Chapter 3

The TRIUMF Beam Test

As a first step in evaluating the performance of the GlueX Barrel Calorimeter under

experimental conditions, a beam test was performed with the prototype Module-1.

The test was done at the TRIUMF M11 area, together with prototypes of the Time of

Flight modules in collaboration with the Department of Physics of Indiana University.

The goal of the beam test was to evaluate several of the BCAL’s parameters, such

as the timing and energy resolution, effective speed of light, and attenuation of the

generated scintillation light in the module.

3.1 Experimental Setup

The dimensions of Module-1 are 400×23.7×13 cm3 (lenght × thickness × width), as

already mentioned, with rectangular cross section (but close to the dimensions of the

production design modules), and consisting of 200 layers of scintillating fibers glued

with optical glue BC600 to grooved lead sheets and pressed together.

The module was placed with its long side perpendicular to the beam (Fig. 3.1),

37
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and its depth (thickness) along the beam direction. Two beam momenta were selected

at M11 for this test - 120 MeV/c at 18 Hz and 250 MeV/c at 22 Hz, with positrons,

positive muons and positive pions present in the beam, in order to study the depen-

dence of the extracted parameters as a function of the incident particle energy. Data

where collected at various positions along its lenght (Z - axis).

A photograph of the experimental hall with all the equipment is also shown in

Fig. 3.1 (left), together with a schematic diagram in a view from above (right). The

incoming beam first goes through a small scintillator (called “shorty”) with 1.25 cm

thickness, which sets the reference time for all systems. Then the particles go through

a second small (1×1×1 cm3) scintillator (called “cubie”). Signals from these two

counters define the event trigger. Next are the two scintillator bars of the Time of

Flight with 1.25 cm thickness each, with their long sides parallel to the Module-1. All

above mentioned elements were equipped with PMT’s and timing information was

collected for all four using time to digital converters (TDC’s). Energy information

was collected for the two bars using analog to digital converters (ADC’s). These four

scintillators were the Time of Flight part of the test, and were the responsibility of

our collaborators from Indiana University. Finally the beam struck Module-1.

A schematic diagram of the readout system and the measuring electronics is shown

in Fig. 3.2. The signal from the PMT attached to “shorty” arrives at a constant

fraction discriminator (CFD). This signal is further prossessed only if it passess the

threshold of the discriminator, so the discriminator eliminates the noise from different

sources (electronics, the Module itself). The enhancement of the CFD compared

to LED is that the treshold is not fixed, but changes acordingly to the amplitude

of the signal to eliminate the undesirable effects comming from differences in the

amplitudes of two signals (walk effect) and also diminishes the effect of the electronic



CHAPTER 3. THE TRIUMF BEAM TEST 39

Figure 3.1: A view of the experimental equipment in the M11 hall at TRIUMF (left)
and a schematic of the setup (right). Module-1 is wrapped in black polyethelene
sheets to eliminate light leaks.
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noise. Finally it produces two digital signals - one directly to a coincidence unit

(called “AND” in Fig. 3.2) with the signal from “cubie” and whose output serves

as the trigger, and another to the Common input to all TDCs. In this manner, all

TDC units record the information with the reference time defined the moment when

a particle hits “shorty”. The signal from the PMTs on the TOF scintillator bars was

transmitted through a CFD to ADC and TDC units.

Figure 3.2: A schematic diagram of the readout electronics. PMTsh,cu: XP 2020,
PMT1: BURLE 8575, CFD: TC 455, LED: LeCroy 821Z, TDC: LeCroy 2228A (50
ps least count), ADC: LeCroy 2249A, DAQ (Data Aquisition System) consists of a
CAMAC crate connected via a ribbon bus to a PC running Linux.

Module-1 had four PMT units attached (only PMT1 and the coresponding ADC

and TDC units are shown in Fig.3.2) - two on each side, and the two upstream relative
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to the beam will be referred to as front (left or right), and the two downstream will

be refered to as back (left or right). The light guides covered an area of 10×10 cm2,

from 1.5 cm to 11.5 cm along the 13 cm side (Fig. 3.3). The light guides of the front

PMT’s cover the first ten centimeters of depth from the face on which the beam is

incident, and the light guides of the back PMT’s cover the next ten centimeters (the

last three centimeters were not covered, but based on Monte Carlo simulations it is

expectedthat no more than 1 - 2% of the electromagnetic shower’s energy is deposited

there at the beam energies of this test).

Figure 3.3: Attachment of the light guides on one side of the module. The opposite
side is idenically set.

The signals from all four PMTs were sent individually into ADCs and TDCs.

Leading Edge Discriminator (LED), was used for the Module-1 PMTs to a lack of

CFDs. The ADC values are proportional to the number of photons arriving at the

PMTs from the scintillating fibers, whose number is proportional to the energy de-

posited in the fibers by the particles travelling in the module. The measurement of

the amplitude begins when an integration gate is opened by the trigger. Thus, the

ADC will record values (from noise) even if no signal arrives from a real event and
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these form the so-called pedestal.

3.2 Beam Test Results

The data analysis procedure for positrons for the two measured energies and muons

for 120 MeV/c and the raw data from each channel and for combination of channels

(e.g. the Mean Timer) are presented in this section. The results from positrons

are of particular interest. As they generate electromagnetic showers, very similar to

the showers produced by photons with the same energy. Muons, on the other hand,

have a negligible brehmstrahlung cross section at the beam test energies, and deposit

energy through ionization and atomic excitation, until finally they decay to positrons

and neutrinos (µ+ → e+νµ). Although for both 120 MeV/c and 250 MeV/c muons

the probability for decay is almost unity within the front plus back region, this stage

of the process is not detected experimentally, because of the long muon lifetime (of

the order of 2.2 µs), compared to the gate (of the order of 40 ns). For 250 MeV/c

muons the analysis is difficult because muons cannot be separated from pions by

their time of flight (neither by the TOF elements nor the BCAL timing information).

Pions were not analyzed for either energy, not only because of their small fraction

in the 120 MeV/c sample and the impossibility to separate them from muons in the

250 MeV/c sample, but also because they participate in strong interactions and part

of the deposited energy is hadronic, which is more difficult to resolve and analyze and

beyond the goals of the BCAL.

The data dependence on the Z position is reported in this chapter, while the

discussion on the energy and timing resolution results is continued in Chapter 4, after

the results from the Monte Carlo simulations are presented. This is done to facilitate
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the extraction of the energy resolution and to account for all factors influencing the

timing resolution.

3.2.1 Raw Data Analysis Procedure

All data were taken with positrons, muons, and pions present in the beam, and a clear

separation of the peaks corresponding to the three types of particles could be seen in

the TOF data (Fig.3.4) in the 120 MeV/c samples, representing one of the important

steps of the analysis - identifying (tagging) the types of particles. There was no

clear separation of muons from pions in the 250 MeV/c runs. At each Z position of

Module-1, several runs of 15000 triggered events were taken, and the position of the

module relative to the beam was changed by sliding it in steps of 10 or 20 cm along

its 4-m side. Points from the center of the module (Z = 200 cm) down to 20 cm

from the left edge (Z = 20 cm) were recorded. Data could not be colected towards

the right edge due to space constraints in the M11 area. During the analysis phase,

all consequtive runs at a certain Z were combined to produce larger statistics and

this is automatically taken into account when the statistical error is calculated. The

results for muons were determined from a completely separate set of runs than that

for positrons for reasons explained below.

Raw data from the left front TDC and ADC of Module-1 are presented in Fig.3.5

for one of the 120 MeV/c runs, as an example. The muon and positron peaks merge

in the ADC signal, and pions are not seen, because they range out in the Time of

Flight scintillating counters and very few, if any, reach Module-1 and deposit enough

energy to exceed the discriminator thresholds. The pedestals of each ADC were fitted

with a Gaussian for each run and the channel number of the peak was subtracted

from the ADC channel for each event. The pedestals appeared at about channels 10
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Figure 3.4: Particle separation at 120 MeV/c from TOF. The mean time of the left
plus right TDC information is ploted on the horizontal axis.
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to 30 for the separate runs (runs performed with higher PMT voltages produce higher

pedestals).

As a first step of the timing analysis, a walk correction for each separate run

was applied. The walk effect is caused by the Leading Edge Discriminators that

produce the signals for the TDCs, and is due to the fact that a signal is produced

when the amplitude of the input to the LED exceeds a definite value (threshold).

Signals incoming to the LED then can perfectly coincide in time, but if they have

different amplitudes, the signal with the higher amplitude will pass the threshold

earlier (because it is steeper) and accordingly the LED will produce a signal that will

fall into a lower channel of the TDC. The effect of the walk can be seen in Fig. 3.6,

which presents a two-dimensional plot of TDC versus ADC from the right front PMTs

for 120 MeV/c positrons.

The walk correction is needed in order to adjust the TDC values for low-amplitude

ADC events. This effectively renders signals of all amplitudes to the same timing (as

they physically do). This correction is done on a run per run basis, as the amplitudes

arriving at the PMTs have a dynamic range due to the impact point of the incident

particles and other factors. The walk contribution can then be corrected using the

following formula:

twalk =
w√
ADC

(3.1)

where w is a coefficient determined by fitting the two dimensional plot of the TDC

versus pedestal-substracted ADC signals, with the high-amplitude events taken as the

reference point (no walk occurs for them). Then the corrected time becomes:
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Figure 3.5: Raw data from the left front TDC (top) and ADC (bottom).
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Figure 3.6: Time versus amplitude plot of uncorrected (top) and walk-corrected (bot-
tom) data from 120 MeV/c positrons.
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tcorr = tmeas −
w√
ADC

(3.2)

where tmeas is the time measured by the TDC and includes dynamic and con-

stant(delays) - due to cable lenghts and electronics prosessing contributions. The

walk-correction, unavoidably increases the TDC spread for lower amplitude ADC

signals (in the vertical direction on the plot) dominant, which corresponds to worse

timing resolution. This is due to the fact that the dominant factor in the timing res-

olution are the fluctuations in the number of photoelectrons, and these fluctuations

are larger at smaller amplitudes.

Fig. 3.7 illustrates the effect of the walk correction on the Mean Timer (the sum

of the left TDC and right TDC divided by two), where the uncorrected result (top) is

compared to the corrected result (bottom). The corrected data are improved for both

particle types and energies. The values from the Gaussian fits obtained for each TDC

or the Mean Timer are used for the timing resolution analysis and for the effective

speed of light calculation.

For each run, both TDC and ADC values were subjected to upper and lower

limit cuts, in order to eliminate the few events with very untypical values, which

could deteriotate the distributions (long-range tails). Many combinations of cuts

were attempted and checks where made to ensure that the final results do not vary

more than 1-2% for varying the cuts.

The results of the fits to the TDC measurements for all analyzed runs are presented

in Tables A.1, A.2, A.3, and A.4 of the Appendix.

The ADC data for each channel could be also successfully fitted with a Gaussian

for the 120 MeV/c positrons and for the front ADCs of the 250 MeV/c positrons, while

a Moyal fit was used for the 120 MeV muons and the back ADCs of the 250 MeV/c
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Figure 3.7: Mean Timer data not corrected (top) and walk-corrected (bottom) for
120 MeV/c positrons.
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positrons. An example fit is shown in Fig. 3.8 of the left front ADC for 120 MeV/c

positrons. The results of the fits to the ADC measurements for all analyzed runs are

 / ndf 2χ    131 / 123
Constant  0.83± 26.21 
Mean      0.67± 85.49 
Sigma     0.56± 26.09 
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Figure 3.8: Fitting the left front ADC data for 120 meV/c positrons.

presented in Tables A.5, A.6, A.7, and A.8 of the Appendix.

As a next step in the analysis, four more quantities were formed and analyzed:

• Mean Timer (MT)

• Geometric Mean (GM)

• Time Difference (TD)

• Ratio (R) of the ADC signals



CHAPTER 3. THE TRIUMF BEAM TEST 51

The first two quantities were calculated on an event-by-event basis and the last

two by averaging over all events in a run. Their definitions, for each of the front and

back sides separately, are the following:

MT (event) =
TDCleft(event) + TDCright(event)

2

GM(event) =
√
ADCleft(event) ∗ ADCright(event)

TD = TDCleft(mean)− TDCright(mean)

R =
ADCleft(mean)

ADCright(mean)

MT provides a data quality check as it is approximately constant and related to

the length of Module-1. TD provides independent information on the hit location of

the incident particle. R results in the removal of geometrical factors of the collected

scintillation light. Finally, GM is related to the energy deposited in Module-1 and is

independent of the Z position of the beam, thus effectively removing the attenuation.

Scintillation photons are produced at different locations and times in each separate

fiber and this produces fluctuations of the shape of the pulse reaching the PMT on

an event by event basis. Since roughly half the scintillation photons will travel left

and half will travel right (for Z = 200 cm) , the widths of the time distributions of

the Mean Timer and left (or right) time are related as:

σMT =
σleft√

2
(3.3)

This is strictly correct for Z = 200 cm only.

Because not all incident particles hit the face of the module at the same spot, the

times for reaching the left and right side will be different on an event by event basis,
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adding to the width of the time distribution. In the next chapter it will be shown

by Monte Carlo simulations that due to the beam spread and multiple scattering in

the TOF bars, the point of hit has a width of about 2.2 cm (corresponding to a time

of about 135 ps) for the 120 MeV/c positrons, and about 1.1 cm (corresponding to

about 68 ps) for the 250 MeV/c positrons. The Mean Timer is corrected for these

effects. The times to reach the left and right PMT are, respectively:

tl = thit − tstart +
Zhit
ceff

tr = thit − tstart +
L− Zhit
ceff

where thit is the time when the particle reaches Module-1, Tstart is the start time

for the trigger, Zhit is the coordinate where the particle reaches the module, ceff is the

effective speed of light in the Module-1, L is the lenght of Module-1 (L = 400cm.) Zhit

varies from event to event, so will tl and tr and in this way the hit position variation

will affect the width of the left and right time distributions, while the Mean Timer

will not be affected:

MT =
tl + tr

2

MT =
thit − tstart + L

ceff

2

Furthermore, the number of photons that actually reach each PMT will also fluc-

tuate from event to event - depending on the distribution of the initial angles of the

created photons and their attenuation. This contribution to the width of the time

distribution will also be a factor of
√

2 smaller for the MT. The same argument ap-



CHAPTER 3. THE TRIUMF BEAM TEST 53

plies to fluctuations in the gain(amplification) of the PMTs. Some of these effects

are very difficult to be accounted for, and since the Mean Timer reduces most of the

undesirable fluctuations, it will be used as the basic quantity when determining the

timing resolution.

The behaviour of the MT and its width with Z is shown in Fig. 3.9. The MT is

stable for all Z values within error. The width of the MT distribution is a measure

of the timing resolution. For both positron energies the width was fitted with a

horizontal straight line, and the results obtained are respectively:

σMT = (337± 2) ps (3.4)

for the 120 MeV/c positrons and

σMT = (232± 7) ps (3.5)

for the 250 MeV/c positrons. This can be regarded as a first approximation for

the timing resolution at the respective energies, but there are additional factors to

taken into account. The subsequent analysis will be presented in the next chapter.

As discussed above the GM of the ADC signals is proportional to the energy

deposited by the shower with a coefficient of proportionality called the calibration

constant k (assuming linearity along the chain of physics processes) and then this is

multiplied by the attenuation for the respective Z position:

ADCleft = kleftĒleft exp

(
−Z
λ

)

ADCright = krightĒright exp

(
−L− Z

λ

)
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Figure 3.9: Mean Timer (top) and its width (bottom) for positrons as a function of
Z for 120 MeV/c and 250 MeV/c data.
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Only the long-length attenuation component is taken into account here (see Eq. 2.1).

The GM follows from:

GM =
√
ADCleftADCright =

1

4

√
kleftkrightEdeposited exp (−L) (3.6)

where Ēleft = Ēright = 1
2
Edeposited, thus providing a constant of proportionality

independent of the Z position of the incident particles. In the analysis only points

at a distance greater than 60 cm form the hit point to either end were used, because

at smaller distances the second (short) component of the attenuation (see Eq. 2.1)

contributes and it is not canceled in the GM.

The behaviour of the GM and its width versus Z is shown in Fig. 3.10. It should

be noted that the points close to the left PMT (lowest Z) exhibit somewhat higher

values than the average, due to the short component of the attenuation length.

The energy resolution versus Z can be obtained by dividing the width of the GM

by the GM itself. The results for positrons are shown in Fig. 3.11.

The values obtained by fitting the two incident energies are:

σGM
GM

= (24.6± 0.3) % (3.7)

for the 120 MeV/c positrons and

σGM
GM

= (16.9± 0.2) % (3.8)

for the 250 MeV/c positrons. These are values averaged over all Z positions.

It should be stressed that that these values do not represent the intrinsic energy

resolution of Module-1, but only the values obtained for the respective energies under

the beam test conditions. The Monte Carlo simulations, the results of which will be
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reported in the next chapter, provide details which will demonstrate that the intrinsic

energy resolution is actually much better.

Another way to calculate the energy resolution at a particular energy, and for a

particle type and Z position is to use the calibrated channel values from the left and

righ signals as shown in the following equations:

ADCcorr
right (event) = ADCright (event)× ADCleft (mean)

ADCright (mean)

ADCcorr
front (event) = ADCcorr

left (event) + ADCcorr
right(event)

Then the distribution for all events in a run can be plotted and the energy res-

olution for this run can be extracted by fitting this distribution. As an example

the widths for the Geometric Mean and the sum of the energies for the midpoint

Z = 200cm of Module-1 for 120 MeV/c positrons were calculated to be:

σGM
GM

= (25.4± 0.5) %

σADCcorrfront

ADCcorr
front

= (26.8± 0.5) %

This shows that the Geometric Mean provides slightly better information, but

only about 3-4% better, as it eliminates some of the undesired fluctuations. A similar

procedure was done for the 250 MeV/c positrons, using, of course, the back PMT

information. The calibration required then was determined on the basis of Monte

Carlo simulation results by taking the ratio of the mean values of the (simulated)

energy deposited in the front and the back regions, since it was difficult to estimate

this from the data. The results of this comparison for 250 MeV/c positrons produced

the following values:
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σADCcorrTotal

ADCcorr
Total

= (17.2± 0.4) %

This is very close to the value 16.9±0.2% obtained from the Geometric Mean 3.8,

so in all further analysis and calculations the Geometric Mean was used.

3.2.2 Effective Speed of Light and Attenuation

Effective Speed of Light

Two of the quantities of interest in the beam test were the effective speed of light in the

module and its attenuation lenght. As described in the previous chapter, the particles

entering the module deposit their energy inside all three materials (scintillating fibers,

lead and glue), and the energy deposited in the fibers causes them to produce light

(typically 8000 photons per MeV) through scintillation. These photons are generated

with a uniform angular distribution and the surviving ones undergo many reflections

at the cladding interface surfaces, so when they reach the PMT they had travelled

on the average a larger distance than if they travel along a straight line. The speed

with which this photon pulse reaches the PMTs is called the effective speed of light

in the fiber.

The effective speed of light ceff can be extracted from the slope of the plot of the

time of arrival at each PMT versus Z, or from the slope of the plot of the TD versus

Z (in this case the slope will be twice the effective speed of light). One reason to use

the TD for the effective speed of light is that when Z is not 200 cm (the midpoint),

the light that travels to the more distant PMT will be attenuated more and this will

happen with higher probability to the photons emitted at angles close to the angle of

total internal reflection and with lower probability for the photons that are emitted
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at angles closer to the fiber axis. This qualitative argument shows that we can expect

the more distant PMT to produce a signal corresponding to a slightly higher effective

speed of light. The TD, on the other hand, removes this effect by averaging the final

values of the times measured by the left and the right TDCs.
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Figure 3.12: Time difference (TD) for 120 MeV/c electrons. The slope is proportional
to ceff .

The plot of the TD versus Z is shown in Fig. 3.12 for 120 MeV/c positrons. Twice

the inverse of the slope of the fit corresponds to the effective speed of light and has

the value of:

ceff(TD) = (16.2± 0.4) cm/ns (3.9)

This is in good correspondence with the previously reported results [37] and the

results reported by KLOE [39] of 17.2 cm/ns.
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The measured effective speed of light would correspond to an effective index of

refraction 1.85 ± 0.05, which is higher than the index of refraction of 1.6 of the core

of the fibers, because the light does not travel along the fiber axis, but at an angle

(see Fig. 2.2).

In contrast, the values from the left and right TDCs are (15.6 ± 0.4) cm/ns and

(16.8 ± 0.6) cm/ns, respectively. As expected, the left TDC (the left end is always

either closer or at the same distance as the right end), has a slightly smaller value for

the effective speed of light.

Similar results are obtained from the 250 MeV/c positrons. When the energy of

the incident particles increases, first the spread of the hit point is smaller, and second

we expect higher number of scintillation photons to be produced, thus decreasing

the fluctuations and the widths of the distributions respectively. This is reflected

in the smaller deviations of the values for this case: (15.9 ± 0.5) cm/ns for left,

(15.4 ± 0.5) cm/ns for right, and (15.7 ± 0.5) cm/ns for the Time Difference.

Of course, calculating the Time Difference, but on an event by event basis, has

another, more important reason - the position of the shower (determined by the entry

point of the incident particle) can only be estimated by the Time Difference, so it is

the timing quantity directly related to the spatial resolution in Z. It can then be used

in this respect in the reconstruction of the observed events.

Attenuation Length

As already described, attenuation is the phenomenon of decreasing of the number

of photons travelling along the fiber due primarily to roughness of the surfaces of

reflection and absorption in the material of the core and claddings. The attenua-

tion length (or lengths for multiclad fibers) is an important quantity for providing
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realistic parametrization for the Monte Carlo analysis and the development of the

reconstruction procedure of the experiment.
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Figure 3.13: Attenuation length from 120 MeV/c electrons.

The attenuation length can be extracted by plotting the ratio of the ADC sig-

nals versus the position in Z, with the slope of the straight line in semi-logarithmic

scale being the attenuation length. This remouves geometrical factors, reduces the

uncertainties and produces a more reliable result.

The attenuation length extracted by the ratio R of the left and right TDC signals

is shown in Fig. 3.13. The attenuation length is the distance in Z for which the signal

decreases to 1/e of its initial value for 250 MeV/c positrons was determined to be:

λ = (307± 12) cm (3.10)

Only the data above 60 cm from the module end were used, as the contribution of
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the short attenuation length component is significant below that distance.The data

were sufficient only to determine that the short component is between 30 and 80 cm,

as expected for this type of fibers. A more accurate determination would require

a follow up experiment where many data points are collected at finer intervals and

closer to each PMT. The value obtained from 120 MeV/c positrons is (323 ± 20) cm.

The values obtained from only the left or right ADC data have larger uncertainties.

This completes the raw data analysis part of the study and the Monte Carlo results

and error analysis will help obtain the estimates of the timing and energy resolution

of Module-1 in the following chapter.



Chapter 4

Simulations, Energy and Timing

Resolution

The results obtained from the beam test reflect the complexity of the physics pro-

cesses and the influence of numerous factors that have to be taken into account during

the analysis. Some of these factors can be accounted for by applying standard er-

ror analysis and observing and analyzing the interconnections of the many quantities

that can be extracted. Other factors can be much more successfully accounted for by

modeling the physics with Monte Carlo simulations. As was discussed in Chapter 3,

in the case of electromagnetic calorimetry, GEANT 3.21 [40] simulations are an ex-

cellent quantitative tool [29], their predictions are in excellent correspondence with

real experiments and are used extensively in the current chapter. The Monte Carlo

simulations were performed for the exact geometry of the beam test. All simulations

were done with the beam incident at Z = 200 cm. The total energy deposited in the

scintillating fibers in each of the front and back regions, as well as the energy leaking

these regions or the module as a whole, was of primary interest to obtain an estimate

64
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for the energy resolution. Since the results of the simulations are to be compared

to the results obtained by the experimental GM when the energy resolution was un-

der study, the attenuation effects were not included in the simulation, nor any PMT

thresholds were considered. Cutoff particle energies of 10 keV were used for both

photons and electrons/positrons. Positrons and muons with five different momenta

were simulated: 120 MeV/c, 250 MeV/c, 500 MeV/c, 1 GeV/c, and 2 GeV/c, the

first two corresponding to the data and the latter three to further the understanding

of the BCAL’s performance and to extrapolate to GlueX energies. Simulations were

also carried out with the incident particles starting at a fixed point of the face of

Module-1 (i.e. not going through the scintillators of the Time of Flight setup) in or-

der to investigate the influence of the spread of the hit position due to the finite beam

spread and the multiple scattering in the TOF scintillators. The final goal for this

chapter is to extract the best possible estimates of the timing and energy resolution

of Module-1, from the beam test.

4.1 Preliminary Observations

The sampling fraction fluctuations is the dominant factor for the energy resolution

of all sampling calorimeters. As a first Monte Carlo check the sampling fraction was

calculated for all simulated energies. The results for positrons for the case without

the TOF equipment and the beam spread present in the simulation and with the

TOF equipment and the spread present are presented in Table 4.1.

The sampling fraction is stable with values in the range 12.1-12.3% for all energies

and corresponds well to previous Monte Carlo simulations [41]. The values are slightly

higher than the 11.9% reported by KLOE [39]. The width (σ) of these distributions
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decreases with increasing incident energy, as expected. For the experimental results

this means that we expect larger variations in the sampling fraction for 120 MeV/c

than 250 MeV/c with corresponding consequence for the energy resolution, at each

incident energy.

Table 4.1: Sampling fraction in Module-1 for positrons from Monte Carlo with and
without the TOF units and the simulated beam spread.

Incident Sampling Fraction (%) σ(%)
Momentum

(MeV/c) no TOF/spread TOF/spread no TOF/spread TOF/spread
120 12.1 12.3 1.6 1.8
250 12.1 12.3 1.1 1.3
500 12.2 12.3 0.9 0.9
1000 12.3 12.3 0.7 0.7
2000 12.3 12.4 0.5 0.5

The sampling fraction for positrons with the TOF units and the beam spread

present increase slightly only for 120 MeV/c and 250 MeV/c.

The Monte Carlo sampling fractions for muons without and with the TOF units

and beam spread are presented in Table 4.2. As expected, the values are higher for

muons and close to the 15.2% reported by KLOE [39].

The correlation of the sampling fraction with energy for muons (first increasing and

then decreasing again) can be explained in the following way. Muons at 120 MeV/c

are almost mips (for which 16-17% sampling fraction is expected), but they decay

and after that the energy deposited in the fibers will be less, as a positron-initiated

shower will be produced. Muons at 250 MeV/c and 500 MeV/c are still close to mips

(most of the 250 MeV/c muons still decay in Module-1, but much later), so for them

the sampling fraction is higher and within the expected range for mips. Muons in

the GeV range are not close to being mips any more, and respectively the sampling
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Table 4.2: Sampling fraction in Module-1 for muons from Monte Carlo with and
without the TOF units and the simulated beam spread.

Incident Sampling Fraction (%) σ(%)
Momentum

(MeV/c) no TOF/spread TOF/spread no TOF/spread TOF/spread
120 15.5 2.4 15.4 3.0
250 16.3 1.5 16.3 1.5
500 15.6 1.5 15.9 1.5
1000 14.8 2.2 15.0 2.1
2000 14.1 2.2 14.7 2.5

fraction decreases, but is still higher than the positron samples.

All the values obtained for positrons and muons are as expected. The consistency

of the sampling fraction Monte Carlo simulations with previous results give assurance

that the simulations are done with realistic parameters. They also provide some clues

to help estimate the energy resolution of the module.

Next, the simulations were used to verify how much of the incident energy is de-

posited in the module, and to determine the fraction of the deposited energy in the

front and back volumes, for adequate detection of the scintillation light. The energy

deposited in the 10×10 cm2 regions covered by the light guides was separately deter-

mined in the simulations, in order to allow comparison with the experimental data.

These checks are important because the energy resolution is sensitive to the amount

of energy that leaks from the calorimeter [29]. Both longitudinal (from the rear) and

lateral (from the sides) leakages affect the energy resolution, and the lateral resolu-

tion affects also the constant term in the energy resolution formula. Theoretically,

in Monte Carlo simulations with no electronic noises and resolutions, if there is no

leakage and especially lateral leakage, the energy resolution should approach zero as

the incident energy approaches infinity.
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The energy leakage from the module and the portion of the deposited energy that

is outside the front and back regions (called “undetected” in the table) are presented

in Table 4.3. The “leakage” column refers to the amount of energy that is actually not

deposited in Module-1 at all. The “undetected” column refers to the percentage of

the deposited energy that is outside the front and back regions. The “total” column

refers to the sum of the leakage and the energy deposited outside the front and back

regions as a percentile from the total (while “undetected” is the percentile from the

deposited energy), which is why leakage plus undetected is slightly more than the

total.

Table 4.3: Leakage and undetectable portion of the deposited energy for positrons
from Monte Carlo.

Incident No TOF/spread TOF/spread
Momentum

Leakage Undetected Total Leakage Undetected Total
(MeV/c) (%) (%) (%) (%) (%) (%)

120 3.9 2.3 6.1 11.7 5.7 16.7
250 4.4 2.9 7.2 7.6 2.9 10.3
500 4.6 3.0 7.5 6.4 3.3 9.5
1000 5.2 3.5 8.5 6.0 3.7 9.5
2000 5.8 4.2 9.8 6.6 4.5 10.8

Without the TOF elements and the beam spread, both the leakage and the umount

of deposited but undetectable (not falling into the front plus back regions) energy

steadily increase with the energy of the incident positrons, and vary from 3.9% to

5.8% (leakage) and from 2.3% to 4.2% (undetected), respectively. With the TOF

unit and the beam spread, the high incident energies are comparable (they reach

6.6% and 4.5% respectively for the leakage and undetected fraction), but disagree for

the 250 MeV/c and especially for the 120 MeV/c samples. The values for 120 MeV/c
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with TOF are 11.7% for the leakage and 5.7% for the undetected fraction, which are

about three times higher than the without-TOF and without-beam-spread values. It

will be shown that this affects the energy resolution significantly.

The reason for this higher leakage and undetected fraction is illustrated in Fig. 4.1.

The graphic on the left presents visually the spread for 20 incident positrons with

120 MeV/c. The variation in the position of the hit point on Module-1 was calculated

in the simulations and the fitted distribution showed σ = 1.1 cm for 250 MeV/c

positrons and 2.2 cm for 120 MeV/c positrons (Fig. 4.1, right).
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Figure 4.1: Spread in the hit point of 120 MeV/c positrons from Monte Carlo.

This spread influences the time measurements of each of the channels. In time

units, at 16.2 cm/ns effective speed of light, this would correspond to 135 ps and

68 ps, respectively for 120 and 250 MeV/c. The Mean Timer eliminates this influ-

ence, but it should be noted that the spread occurres not only horizontally along the

long side of the module, but also vertically along the 13 cm side (causing lateral leak-

age), and showers having unfavorable directions may produce very different timing

characteristics of the scintillation light pulse due to increased sampling fluctuations,

which affect the fluctuations in the number of photoelectrons.
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It should be stressed that the leakage calculated in the current section refers to

the beam test setup only. Most of this leakage is the lateral leakage, and this will

not occur in the GlueX experiment, because on both sides of each module there will

be other modules. Only the leakage from the rear side will contribute, and it can be

estimated to be not more than 1-2%. The leakage and the undetected fraction were

calculated here to provide some insights for the beam test analysis that follows.

Having made these preliminary observations, the next natural step was to calculate

with Monte Carlo the energy resolution, and compare how it corresponds to the

experimentally observed values.

4.2 Energy Resolution

As already defined in the previous chapter, the energy resolution is measured in terms

of the ratio of the width of the distribution of the measured energy and the measured

energy itself. This ratio varies with the incident energy, so several energy points are

needed to calculate the energy resolution as defined in Eq. 2.2.

The energy deposited in each of the regions (front, back, the rest of the module)

both in the scintillating fibers only and in all materials, were recorded in the GEANT

simulations, for all five energies and both electrons and muons, and both with the

TOF units and beam spread and without the TOF units and beam spread. Several

other quantities were also recorded (energy deposited in glue for each region, energy

deposited in lead for each region, position of the hit point of the particle, etc.) were

also recorded for evaluating the sampling, the leakage, and for consistency checks.

The energy resolution as obtained from GEANT simulations were calculated by plot-

ting the distribution of the energy deposited in the scintillating fibers (for the whole
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module, or for the front or back regions) separately for each particle type and incident

momentum, and then fitting (usually with a Gaussian) to obtain the mean value and

width (sigma) of these distributions. A sample distribution is shown in Fig. 4.2. The

fit parameters were excellent for all energies and particles in the case without the

TOF equipment and the beam spread.

htemp
Entries  1000
Mean   0.05874
RMS    0.006941

 / ndf 2χ  32.55 / 27
Constant  5.9± 143.3 
Mean      0.00015± 0.05831 
Sigma     0.00012± 0.00458 

 (GeV)fibersE
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Nu
m

be
r o

f E
ve

nt
s

0

20

40

60

80

100

120

140

htemp
Entries  1000
Mean   0.05874
RMS    0.006941

 / ndf 2χ  32.55 / 27
Constant  5.9± 143.3 
Mean      0.00015± 0.05831 
Sigma     0.00012± 0.00458 

Figure 4.2: Energy deposited in all fibers for 500 MeV/c positrons from Monte Carlo,
without the TOF units and the beam spread.

After obtaining the mean value of the energy deposited in the fibers and the width

(σ) of its distribution, the ratios width/mean are plotted to obtain the dependence

of the resolution on the incident momentum. The resulting energy resolution as a

function of the incident positron momentum for Module-1 is presented in Fig. 4.3.

This dependence was fitted using equation 2.2 and the fit values obtained were:
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σvis
Evis

= (1.8± 0.2) % +
(4.23± 0.15) %√

Einc
(4.1)
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Figure 4.3: Energy resolution for positrons without the TOF units and the beam
spread from Monte Carlo.

The energy dependent term sets the limits for the best achievable resolution with

Module-1 for positrons. Since there is lateral leakage, this number may be very

slightly improved for a wider module, and as mentioned previously, there will be

no lateral leakage in the BCAL, so the overall energy resolution and especially the

constant term is expected to be better. Under the beam test conditions there are two

factors that will adversely affect the energy resolution: first, not all energy deposited

in the fibers is detectable (the light guides cover only 10× 10 cm2 each), and second,

the presence of the TOF elements and the beam spread contributes to the leakage,

thus deteriorating the resolution. When included in the simulations, these factors



CHAPTER 4. SIMULATIONS, ENERGY AND TIMING RESOLUTION 73

increase the sampling fraction fluctuations, and the energy resolution deteriorates, as

illustrated in Fig. 4.4, where only the energy deposited in the front plus back volume

is taken into account, the incident particles go through the TOF elements, and the

beam spread is included.
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Figure 4.4: Energy resolution for positrons as obtained by the front and back regions
only with the TOF units and the beam spread from Monte Carlo.

In this case,the energy resolution obtained is:

σvis
Evis

= (1.8± 0.2) % +
(5.22± 0.19) %√

Einc
(4.2)

This plot shows that although the overall energy resolution does not change very

much, the values for the lowest incident energies are quite different. For 120 MeV/c

positrons the resolution is (13.7±0.4)% without the TOF and the beam spread and

when the whole volume is taken into account, and it increases to (18.1±0.5)% with

the TOF units and the beam spread and when only the energy deposited in front and

back is taken into account. For the 250 MeV/c positrons the numbers are respectively
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(10.3±0.3)% and (12.1±0.3)%. So the presence of the beam spread and the TOF

equipment to the experimental setup together with the effect of the only front and

back volumes detection causes the energy resolution to get about 25% and 20% higher

respectively. This effect of course decreases with the increase of the incident energy.

The next challenge in the analysis of the experimental data is caused by the low

number of events depositing energy in the back region in the 120 MeV/c positron

samples. The actual number of events in this region in a typical run was about 100

per run compared to more than 1500 per run in the front region. The Monte Carlo

simulations show that for this sample on the average about 1.3 MeV is deposited in

the fibers of the back region, compared to 11.4 MeV in the fibers of the front region,

per event. The resulting light is also attenuated, further reducing this number. This

means that the low statistics render the back portion of the energy not that useful

(since there are no data for the 120 MeV/c case), and only the data from the front

region can be reasonably compared to the Monte Carlo results.

This effect diminishes for higher incident energies when more energy is deposited

in the back region, and the sampling fraction fluctuations in the front region become

larger. This is illustrated in Fig. 4.5 where only the energy deposited in the front

region is plotted. As expected, the energy resolution improves at first, but after

500 MeV/c it deteriorates, as a significant amount of the energy is no longer deposited

in the front region. Comparing Fig. 4.5 to Fig. 4.4, it can be noticed that the values

for 120 MeV/c and 250 MeV/c from the front region only are 20-30% worse, while

for 500 MeV/c and higher incident momenta it is already 2-3 times worse.

The values for 120 MeV/c and 250 MeV/c are of particular interest, because they

can be directly compared to the experimental values, both taken for the front region

only. The value for 120 MeV/c positrons from experiment is (24.6±0.3)% and from
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Figure 4.5: Energy resolution for positrons as obtained by the front region only with
the TOF units and beam spread from Monte Carlo.
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Monte Carlo is (22.1±0.7)%. The value for 250 MeV/c positrons from experiment is

(16.9±0.2)% and from Monte Carlo is (16.9±0.2)%. The value for 250 MeV/c has an

excellent agreement, with the number for 120 MeV/c from experiment being about

10% higher than the simulation.

There are three important remarks concerning the agreement between experiment

and Monte Carlo simulations. The first concerns the sampling fraction. Since the

sampling fraction fluctuations are the most important factor for the energy resolu-

tion of sampling calorimeters, and assuming that GEANT does an excellent job in

reproducing this (which is supported by the results of many studies), it is reasonable

to believe that there should not be any significant disagreement between simulation

and experiment. The second remark concerns the fact that the simulation takes into

account even the most extreme events, which may produce an anomalously low sam-

pling (e.g. positrons hitting the module far from the middle point of the 13 cm side),

while such events are not likely to be registered during the beam test experiment

due to attenuation and thresholds. The third remark concerns the way the energy

resolution was obtained from experiment. It was determined by the average of the

Geometric Mean of the ADC signals, plotted for all measured positions in Z, with

all the available statistics coming from consecutive (without changing the electronics

parameters) runs, and then fitted with a horizontal straight line. So many factors

(like the attenuation and consequently the fluctuations in the number of scintillation

photons) are averaged out with high statistics in the experiment.

In conclusion, the experimentally observed energy resolution exhibits exactly the

behaviour obtained by the Monte Carlo simulations, and is about 10% higher than

the simulated one. This suggests that if all the energy deposited in the fibers of the

module could be used in the experiment, and if the beam was hitting the module
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at exactly the same spot every event, the experimentally observed energy resolution

could be of the order of 10% higher than the Monte Carlo result, which is in turn very

close to the design goal of the Barrel Calorimeter. The encouraging findings in this

first test under beam conditions of Module-1 are expected to be directly confirmed

and improved in the upcoming tagged photon beam test at Jefferson Lab.

4.3 Timing Resolution

The factors that determine the timing resolution of Module-1 are the fluctuations

in the number of photoelectrons (which depend on the square root of the deposited

energy and consequently on the square root of the ADC signal), the spread of the

luminous point (intrinsic and caused by variations in the hit point), PMT transit time

variations [43], electronics fluctuations, and, under the beam test conditions, sampling

fraction fluctuations due to leakage from the detectable volume causing fluctuations

in the number of photoelectrons, and the timing resolution of the trigger.

The values reported for the MT and its σ for 120 MeV/c and 250 MeV/c positrons

in Chapter 3 are average values taken over all consecutive runs for any Z position of

the beam incidence on Module-1. There is more information that can be extracted

from the dependence of the timing quantities on Z position and from the separate left

or right values of the TDC measurements.

As a starting comparison the values of the width of the MT for the midpoint

(Z = 200 cm) are:

σMT = (339± 9) ps (4.3)

for 120 MeV/c positrons (with respect to Eq. 3.4) and:
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σMT = (233± 25) ps (4.4)

for 250 MeV/c positrons (with respect to Eq. 3.5). In some runs values as low as

(202 ± 25) ps were extracted directly from experiment for the 250 MeV/c samples, at

a particular Z position, before unfolding the resolution of the trigger and with all the

effects of the incomplete containment and consequently sampling fraction fluctuations.

Given the agreement between the σ of the average MT and the width of the

Mean Timer at Z = 200 cm, a consistency check can be performed by comparing the

expected relation between the value of the MT and the left and right values of the

TDC for the midpoint.

Of all the factors that influence the timing resolution, the only one that is different

between the left or right and the MT is the spread of the hit point and the multiple

scattering in the TOF units. This spread has a width of 68 ps for 250 MeV/c positrons

and 135 ps for 120 MeV/c positrons and has to be unfolded from the left (or right)

width and the resulting value divided by
√

2. For 120 MeV/c and using the left TDC

width only (see the value for σL and Z = 200 cm in Table A.1 in the Appendix), we

obtain:

σleft =

√
(510± 10)2 ps2 − 1352ps2 = (492± 10) ps

Dividing this value by
√

2 we obtain (346±10) ps which agrees with the MT within

the error. For 250 MeV/c, where the ADC signals for left and right are more than

two times different (unlike 120 MeV/c where the difference is only about 25%), the

weighted average width from the left and right TDCs can be used to perform a similar

comparison:
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σncleft/right =
ADCleftσleft + ADCrightσright

ADCleft + ADCright
= (339± 12) ps

Here nc denotes “not corrected” for the spread of the hit point. The corrected

value is (by quadratically unfolding it exactly as in the 120 MeV/c case):

σleft = (332± 12) ps

Dividing this value by
√

2 we obtain (234±12) ps, again in good agreement with

the average MT. This consistency check shows that at least one of the factors influ-

encing the timing resolution under the beam test conditions, namely the horizontal

spread of the hit point on Module-1, can be unfolded correctly.

As already discussed in Chapter 3, the timing resolution can in general be divided

into an energy independent term (coming mainly from the spread of the luminous

point, but also having electronics fluctuations contributing) and an energy depen-

dent term, the main contribution to which comes from fluctuations in the number

of photoelectrons (which can have contributions from electronics too). Although the

horizontal spread of the hit point can be taken care by using the Monte Carlo results,

the vertical spread of the hit point on Module-1 will also contribute to the timing

resolution, through increasing the sampling fraction fluctuations (which in turn will

increase the fluctuations in the number of photoelectrons) due to the higher lateral

leakage for some events. One more factor contributing to the resolution is the timing

resolution of the trigger. This was not determined during the beam test but from

past experience is expected to be about 60 ps. Assuming this number as an upper

limit and subtracting in quadrature for Z = 200 cm results in:
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σ120 = (225± 25) ps

σ250 = (334± 9) ps

The energy independent term of the timing resolution can be obtained by plotting

the width of the TDC signal for one of the TDCs (left is chosen because the hit

point is always closer to it or at least at the same distance, which means lower

statistical errors) versus the square root of the same side ADC value. The result of

this dependence for 120 MeV/c is shown in Fig. 4.6.
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2  T
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Figure 4.6: Extracting the energy independent component of the timing resolution
from the 120 MeV/c positrons, left TDC.

The value obtained from fitting this with a straight line is:
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(217± 20) ps

This value has to be divided further by
√

2. The value for the MT then is:

(153± 14) ps

Unfolding quadratically the energy independent term from the Mean Timer width

for Z = 200 cm, we obtain for the 120 MeV/c positrons:

σt =
(105± 11)√

E
⊕ (153± 14) ps

The energy independent term is in good agreement within the error with the design

goal (133 ps - see Eq. 2.4). The energy independent term could not be obtained

independently from data for the 250 MeV/c positrons due to the small statistics

available. Assuming that the main contributions to the energy independent term

remain close to those for 120 MeV/c positrons, then by unfolding the same energy

independent term from the Mean Timer for Z = 200 cm we obtain:

σt =
(88± 9)√

E
⊕ (153± 14) ps

It should be noted that this result still contains the contributions from the trigger

and the containment and sampling fraction fluctuations, so it is an upper limit for

the timing resolution as obtained under the beam test consitions. Comparing the

most steady experimental quantity - the average Mean Timer, obtained directly from

the experimental data, to the design goal, the 250 MeV/c positrons show about 30%

difference (174 ps expected, 225 ps measured with trigger unfolded), although there is
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bigger difference for the 120 MeV/c sample (209 ps expected, 334 ps measured with

trigger unfolded, or about 60%). The lateral leakage (particularly for 120 MeV/c,

where it is higher) will account for part this difference.

4.4 Concluding Remarks

The beam test results, their analysis and the comparison with Monte Carlo simula-

tions provide evidence that under the test conditions the energy resolution of Module-

1 is within 10% for the energy dependent term and the timing resolution is within

30% of the expected values (the design goal). The upcoming beam test in Jefferson

Lab with tagged photons will provide measurements with more incident energies, and

also at different angles and hit positions. Read out from the complete volume of

the module will be provided, which is expected to result in less sampling fraction

fluctuations and respectively better energy and timing resolution. It will then be

possible to extract the energy resolution as a function of the incident energy directly

from the data. The usage of equivalent preliminary calibrated PMTs will facilitate

the extraction of the total energy deposited at different incident energies. The faster

and with higher light yield green scintillating fibers are also expected to improve the

timing and energy characteristics of the Barrel Calorimeter.



Chapter 5

Conclusion

The data from the beam test at TRIUMF with a prototype Module-1 for the BCAL

of the GlueX experiment were analyzed and several important charactersics of its

performance were extracted. GEANT Monte Carlo simulations with realistic geom-

etry were performed and its results were used to understand and unfold the various

contributions to the energy resolution.

Positive muons and positrons data at beam momenta of 120 MeV/c and 250 MeV/c,

impacted the module at different Z positions along its length. The most important

characteristics of the prototype module were obtained from the positron samples, as

they provide the data with least uncertainties and reasonably high statistics.

As preliminary tests, the effective speed of light and the attenuation length were

determined to be:

in good agreement with previously reported data.

The value of the timing resolution from data was determined to be (232±7) ps

for the average Mean Timer for all Z positions of 250 MeV/c positrons and ( ) at

120 MeV/c, with values as low as (202±25) ps in individual runs. The resolution

83
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of the trigger is still present in these values. Factor that adversely affect the timing

resolution was the lateral leakage under the beam test conditions, which will be

eliminated in the real experiment by the complete coverage in the azimuthal angle.

The experimentally observed timing resolution for 250 MeV/c positrons from data

can be factored as:

(88± 9)√
E

⊕ (153± 14) ps

The values of the energy resolution obtained for 120 MeV/c and 250 MeV/c

positrons are respectively (24.6±0.3)% and (16.9±0.2)%. Geometric Mean of the

ADC signals, averaged over all Z positions. These values were obtained from the

Front read out cell only, and the comparison with GEANT Monte Carlo simulations

with realistic geometry showed that the energy resolution, under ideal conditions

corresponding to the design goal of the BCAL, is expected to be about 10% better

than that from the beam test. Although indirect evidence, this implies that the

intrinsic energy resolution of Module-1 is within 10% of the design goal in its energy

dependent term.

This test provided first estimates of the timing and energy resolution of the proto-

type module, under beam conditions, and generated suggestions for further improve-

ments. It is realistic to expect that the upcoming beam test with tagged photons at

Jefferson Lab will give better estimates directly from data, confirming the feasibility

of the energy and timing resolution required by the BCAL. As an essential part of the

GlueX detector, the BCAL must provide reliable and high-quality information, which

will allow the successfull partial wave analysis and consequently the opportunity to

map hybrid and exotic meson spectra in an attempt to increase our knowledge about

the strong interaction of elementary particles.
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All Runs

A.1 Analyzed Beam Test Data
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Table A.1: Beam Test analyzed TDC data for 120 MeV/c positrons.
Z (cm) TDCL (ns) σL (ns)

TDCR (ns) σR (ns)
MTTDC (ns) σMT (ns)

200 40.9298 ± 0.294418 0.510360 ± 0.0102479
29.3602 ± 0.296956 0.603088 ± 0.0127637
35.1471 ± 0.087831 0.338862 ± 0.006721

180 39.5749 ± 0.293453 0.469309 ± 0.00955066
30.6257 ± 0.295712 0.552331 ± 0.011435
35.1020 ± 0.085522 0.337371 ± 0.00680274

160 38.2857 ± 0.293762 0.479763 ± 0.0095152
31.8445 ± 0.29771 0.605518 ± 0.0135979
35.0700 ± 0.086769 0.334267 ± 0.00687092

140 37.3560 ± 0.293878 0.463383 ± 0.00931355
32.7685 ± 0.299463 0.660807 ± 0.0145668
35.0595 ± 0.097481 0.344279 ± 0.00709118

120 35.7584 ± 0.294526 0.477393 ± 0.00991415
34.1327 ± 0.301138 0.692552 ± 0.0158177
34.9588 ± 0.101698 0.349030 ± 0.0076617

100 34.7032 ± 0.293735 0.460894 ± 0.00952195
34.9881 ± 0.301436 0.692645 ± 0.0159263
34.8483 ± 0.102186 0.347295 ± 0.00753073

80 33.2698 ± 0.292986 0.426543 ± 0.00877525
35.9711 ± 0.30306 0.760870 ± 0.0169793
34.6145 ± 0.107665 0.345602 ± 0.00754257

60 32.1608 ± 0.293456 0.431931 ± 0.0094515
37.9157 ± 0.303124 0.753990 ± 0.0169661
35.0410 ± 0.111147 0.346819 ± 0.00738823

40 30.4310 ± 0.292609 0.396360 ± 0.00900945
38.7873 ± 0.303837 0.775430 ± 0.0199062
34.6077 ± 0.112901 0.322765 ± 0.00727225

20 29.4448 ± 0.292239 0.372427 ± 0.00774515
40.2162 ± 0.302977 0.703880 ± 0.0173876
34.8427 ± 0.11383 0.314435 ± 0.0068129
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Table A.2: Beam Test analyzed TDC data for 250 MeV/c positrons, Front.
Z (cm) TDCL (ns) σL (ns)

TDCR (ns) σR (ns)
MTTDC (ns) σMT (ns)

40 39.4122 ± 0.2 0.294487 ± 0.0141
46.1258 ± 0.2 0.403615 ± 0.0166594
42.7857 ± 0.25 0.238100 ± 0.025

60 40.7436 ± 0.2 0.290760 ± 0.0134762
45.2043 ± 0.2 0.398739 ± 0.0185927
42.9822 ± 0.25 0.248783 ± 0.025

70 41.5832 ± 0.2 0.354878 ± 0.0155794
44.6304 ± 0.2 0.476089 ± 0.0213363
43.0696 ± 0.25 0.259263 ± 0.025

80 41.9253 ± 0.2 0.326221 ± 0.0163618
43.6261 ± 0.2 0.405053 ± 0.019291
42.7720 ± 0.25 0.243844 ± 0.025

90 41.9981 ± 0.2 0.243233 ± 0.0103144
42.5648 ± 0.2 0.364888 ± 0.01692
42.2768 ± 0.25 0.216874 ± 0.025

110 43.2725 ± 0.2 0.267971 ± 0.0133383
41.8612 ± 0.2 0.357500 ± 0.0162848
42.5489 ± 0.25 0.202186 ± 0.025

120 44.3372 ± 0.2 0.301199 ± 0.0154011
40.9399 ± 0.2 0.317751 ± 0.0139173
42.6469 ± 0.25 0.203194 ± 0.025

130 45.5895 ± 0.2 0.336541 ± 0.0147341
40.6035 ± 0.2 0.331647 ± 0.0167884
43.0942 ± 0.25 0.226054 ± 0.025

140 45.8030 ± 0.2 0.317180 ± 0.0132931
39.2089 ± 0.2 0.318439 ± 0.016052
42.5222 ± 0.25 0.201656 ± 0.025

160 46.9496 ± 0.2 0.407626 ± 0.0183419
39.3874 ± 0.2 0.389357 ± 0.0190029
43.1839 ± 0.25 0.251924 ± 0.025

180 48.4319 ± 0.2 0.439065 ± 0.021167
37.8801 ± 0.2 0.410188 ± 0.0194932
43.1662 ± 0.25 0.253733 ± 0.025

200 49.2240 ± 0.2 0.372278 ± 0.00708695
35.0970 ± 0.2 0.325028 ± 0.00626015
42.1637 ± 0.25 0.232932 ± 0.025
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Table A.3: Beam Test analyzed TDC data for 250 MeV/c positrons, Back.
Z (cm) TDCL (ns) σL (ns)

TDCR (ns) σR (ns)
MTTDC (ns) σMT (ns)

40 39.1914 ± 0.0924785 1.01166 ± 0.0800475
47.2769 ± 0.0998985 1.20509 ± 0.0994945

43.2960 ± 0.25 0.98220 ± 0.104952
60 38.7840 ± 0.092824 0.92292 ± 0.0593195

45.4746 ± 0.087724 1.14615 ± 0.078595
42.1936 ± 0.25 0.98224 ± 0.167271

70 40.4899 ± 0.103167 1.11259 ± 0.087588
45.4660 ± 0.085919 1.24388 ± 0.0728015

43.0479 ± 0.25 0.90255 ± 0.0912635
80 39.6758 ± 0.126841 1.26800 ± 0.131533

40.9520 ± 0.144515 1.86059 ± 0.128728
40.5456 ± 0.25 1.21786 ± 0.105654

90 42.0525 ± 0.114495 1.05973 ± 0.124898
43.6166 ± 0.093337 1.23788 ± 0.10663

42.8831 ± 0.25 0.81027 ± 0.069081
110 42.8300 ± 0.162443 1.17245 ± 0.145077

43.5325 ± 0.112487 1.24780 ± 0.0993145
43.3509 ± 0.25 0.79038 ± 0.119729

120 42.6042 ± 0.137617 1.03904 ± 0.170265
42.2410 ± 0.109875 1.49586 ± 0.108542

42.6085 ± 0.25 1.01652 ± 0.100369
130 42.3395 ± 0.155133 1.11669 ± 0.208305

40.7078 ± 0.088021 1.20078 ± 0.0934535
41.6782 ± 0.25 0.82048 ± 0.0967955

140 44.1458 ± 0.330085 1.81213 ± 0.42013
39.9109 ± 0.106055 1.35000 ± 0.09311

42.2621 ± 0.25 0.91403 ± 0.09974
160 44.4744 ± 0.268452 1.73724 ± 0.491587

39.0346 ± 0.086812 1.18704 ± 0.113479
41.7026 ± 0.25 0.83996 ± 0.094256

180 45.6515 ± 0.194528 1.27942 ± 0.26145
36.4573 ± 0.085947 1.28208 ± 0.0920025

41.1916 ± 0.25 0.87852 ± 0.0810425
200 47.8335 ± 0.076567 1.24814 ± 0.075952

36.5994 ± 0.0319391 1.15425 ± 0.0314455
42.2530 ± 0.25 0.80209 ± 0.0414259
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Table A.4: Beam Test analyzed TDC data for 120 MeV/c muons.
Z (cm) TDCL (ns) σL (ns)

TDCR (ns) σR (ns)
MTTDC (ns) σMT (ns)

200 49.0018 ± 0.369488 1.438050 ± 0.0102479
38.2729 ± 0.338246 0.807643 ± 0.0140398
43.6742 ± 0.178776 0.744080 ± 0.0139986

180 47.2319 ± 0.391873 1.552380 ± 0.00955066
39.2774 ± 0.34797 0.846627 ± 0.0246547
43.3338 ± 0.2844 0.768640 ± 0.0220319

160 46.9156 ± 0.36615 1.301070 ± 0.0095152
40.8933 ± 0.339546 0.842937 ± 0.015279
43.9483 ± 0.175918 0.745912 ± 0.0143499

140 45.6249 ± 0.364608 1.271240 ± 0.00931355
42.0217 ± 0.340378 0.879594 ± 0.0157111
43.8662 ± 0.170947 0.759455 ± 0.0144703

120 44.2252 ± 0.369887 1.283800 ± 0.00991415
43.1824 ± 0.343609 0.916995 ± 0.0198878
43.7404 ± 0.206241 0.815072 ± 0.0188045

100 43.0660 ± 0.361683 1.136200 ± 0.00952195
44.4921 ± 0.34116 0.935485 ± 0.0162693
43.8171 ± 0.170848 0.792205 ± 0.014809

80 41.6617 ± 0.362132 1.126530 ± 0.00877525
45.3805 ± 0.344163 1.038150 ± 0.0195297
43.5827 ± 0.179119 0.821348 ± 0.0168348

60 40.4614 ± 0.359835 1.073840 ± 0.0094515
47.0500 ± 0.344039 1.053360 ± 0.0196561
43.7961 ± 0.169273 0.801568 ± 0.0157614

40 39.6200 ± 0.361617 1.006520 ± 0.00900945
49.0616 ± 0.350265 1.122380 ± 0.0262532
44.3987 ± 0.193936 0.768913 ± 0.0172119

20 38.8829 ± 0.374336 0.940090 ± 0.00774515
49.8178 ± 0.37235 1.281450 ± 0.051983
44.4909 ± 0.332667 0.730130 ± 0.0289759
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Table A.5: Beam Test analyzed ADC data for 120 MeV/c positrons.
Z (cm) ADCL (Channels) σL (Channels)

ADCR (Channels) σR (Channels)
GMADC (Channels) σGM (Channels)

200 85.4863 ± 1.50118 26.0879 ± 1.1381
63.8221 ± 1.20565 19.6973 ± 0.929145
70.7386 ± 0.774943 17.9426 ± 0.657852

180 90.0657 ± 1.52751 26.3442 ± 1.13941
58.4111 ± 1.12985 18.0376 ± 0.857605
72.295 ± 0.355814 18.7357 ± 0.577268

160 95.4297 ± 1.59384 26.3782 ± 1.09557
50.9315 ± 1.15682 16.5317 ± 0.908946
71.0463 ± 0.717893 17.3978 ± 0.548362

140 100.638 ± 1.7281 28.0736 ± 1.22956
48.2035 ± 1.19601 16.3323 ± 1.063
70.6895 ± 0.679882 17.1935 ± 0.58585

120 103.548 ± 1.85629 29.2664 ± 1.33589
45.4697 ± 1.31756 16.8174 ± 1.13924
69.7955 ± 0.682369 17.3676 ± 0.568288

100 112.068 ± 1.90647 30.2876 ± 1.28207
45.0790 ± 1.22835 16.2397 ± 1.05087
70.5565 ± 0.697602 17.4142 ± 0.567218

80 120.516 ± 2.07279 32.4926 ± 1.57665
41.3008 ± 1.34063 15.9774 ± 1.17976
70.3488 ± 0.734989 17.2461 ± 0.573344

60 137.753 ± 2.15815 33.2551 ± 1.54462
40.6283 ± 1.30762 15.0826 ± 1.12237
71.9806 ± 0.759185 17.5412 ± 0.558803

40 157.379 ± 2.33158 35.9157 ± 1.77489
37.9939 ± 1.29793 14.0477 ± 1.14689
73.2730 ± 1.67313 17.2839 ± 0.635041

20 182.013 ± 2.58172 40.4610 ± 2.1885
35.5697 ± 1.45072 13.8629 ± 1.23042
74.7320 ± 1.68488 17.4608 ± 0.686762
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Table A.6: Beam Test analyzed ADC data for 250 MeV/c positrons, Front.
Z (cm) ADCL (Channels) σL (Channels)

ADCR (Channels) σR (Channels)
GMADC (Channels) σGM (Channels)

40 598.464 ± 8.30312 118.003 ± 7.77517
483.324 ± 5.04389 100.222 ± 3.97695
538.637 ± 4.86981 91.1302 ± 4.51512

60 532.183 ± 5.83924 107.930 ± 5.40034
499.503 ± 5.21165 104.718 ± 4.1056
517.980 ± 4.68098 91.2767 ± 4.55187

70 497.575 ± 5.38745 95.0719 ± 5.12139
500.150 ± 5.67365 113.413 ± 5.56408
499.682 ± 4.79742 88.2292 ± 4.41855

80 472.844 ± 6.18317 106.413 ± 5.14728
518.153 ± 5.60359 113.139 ± 5.00958
493.355 ± 5.40529 96.2081 ± 4.82377

90 470.883 ± 5.45281 92.3065 ± 5.27682
528.364 ± 6.63094 110.794 ± 5.47559
505.316 ± 5.64446 84.9194 ± 4.91603

110 431.503 ± 4.44836 83.9110 ± 3.11564
568.159 ± 6.23540 111.895 ± 5.3254
495.269 ± 4.55747 80.5715 ± 4.38718

120 427.238 ± 4.90965 91.1278 ± 4.17585
593.085 ± 6.02648 112.744 ± 4.86296
497.882 ± 5.00148 88.1956 ± 4.71496

130 380.592 ± 3.75331 71.7082 ± 2.93769
599.213 ± 6.37644 119.078 ± 4.72677
478.471 ± 4.23526 80.0037 ± 3.315

140 394.860 ± 4.00856 72.2492 ± 3.19646
638.524 ± 6.69049 115.316 ± 6.76552
496.479 ± 4.33541 75.3116 ± 3.9733

160 365.923 ± 4.34529 79.9479 ± 4.16321
645.892 ± 6.52797 126.363 ± 6.00003
488.686 ± 4.39962 82.1954 ± 3.97289

180 319.766 ± 3.69577 71.8429 ± 3.38723
685.392 ± 7.36882 140.469 ± 6.80269
464.943 ± 4.58600 88.8364 ± 4.36711

200 300.229 ± 1.64313 75.1665 ± 1.66746
702.902 ± 3.47811 139.377 ± 3.34024
463.618 ± 1.77993 76.8474 ± 1.45232
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Table A.7: Beam Test analyzed ADC data for 250 MeV/c positrons, Back.
Z (cm) ADCL (Channels) σL (Channels)

ADCR (Channels) σR (Channels)
GMADC (Channels) σGM (Channels)

40 33.6059 ± 1.59903 9.29144 ± 0.945013
68.2767 ± 3.71099 22.9631 ± 2.48744
53.5118 ± 3.74213 14.7606 ± 1.77621

60 30.8502 ± 1.55906 7.14965 ± 0.853879
75.2033 ± 4.36584 25.1412 ± 3.16382
56.6911 ± 4.2356 16.9370 ± 2.07942

70 29.2300 ± 1.34553 6.80555 ± 0.78121
67.4147 ± 4.10869 25.1800 ± 2.33024
49.9166 ± 3.4128 15.8524 ± 2.16142

80 27.9147 ± 1.23585 6.10282 ± 0.62466
53.0207 ± 11.8334 29.5717 ± 4.17577
56.2084 ± 4.22838 16.3449 ± 2.09535

90 32.1299 ± 1.63033 7.45990 ± 0.80134
73.6278 ± 3.59861 24.6009 ± 2.23316
56.0546 ± 4.10729 16.4941 ± 2.03722

110 26.3505 ± 1.32227 5.63410 ± 0.71208
63.4714 ± 4.22298 25.7671 ± 2.33977
54.8002 ± 2.86472 12.2660 ± 1.44801

120 33.2590 ± 2.679 9.86636 ± 1.71867
63.8726 ± 4.30188 25.4945 ± 2.3813
61.9776 ± 8.22241 24.5727 ± 5.11269

130 29.4567 ± 1.69905 6.69068 ± 0.875753
60.6901 ± 9.79297 32.0239 ± 4.98861
65.2190 ± 5.03135 18.0712 ± 3.04462

140 26.2409 ± 2.02592 5.84036 ± 1.26348
68.6086 ± 3.76653 21.0662 ± 2.54598
60.4300 ± 5.30995 17.8141 ± 3.25894

160 27.2896 ± 1.59724 6.31530 ± 0.962888
86.9247 ± 4.73222 30.0794 ± 3.13157
67.0161 ± 4.32491 17.2275 ± 2.41686

180 28.7174 ± 1.98136 5.55711 ± 0.957814
76.9888 ± 4.69748 29.6021 ± 2.93782
70.0397 ± 6.54621 19.5569 ± 2.86724

200 27.7125 ± 0.779694 6.27615 ± 0.472726
91.2288 ± 2.27582 32.3148 ± 1.3561
74.3928 ± 2.49779 19.6229 ± 1.42949
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Table A.8: Beam Test analyzed ADC data for 120 MeV/c muons.
Z (cm) ADCL (Channels) σL (Channels)

ADCR (Channels) σR (Channels)
GMTDC (Channels) σGM (Channels)

200 56.2884 ± 0.985831 20.2776 ± 0.504697
147.309 ± 1.65744 36.5598 ± 0.776147
97.6395 ± 1.00743 24.2128 ± 0.219284

180 57.5644 ± 1.53428 19.5927 ± 0.938766
131.288 ± 2.75281 35.5502 ± 0.768433
92.9613 ± 0.462558 22.8272 ± 0.192423

160 60.6726 ± 1.18705 23.3118 ± 0.713251
125.455 ± 1.50599 33.0029 ± 0.706362
95.4987 ± 0.933261 24.7649 ± 0.182787

140 67.0425 ± 1.19471 24.5338 ± 0.588063
122.750 ± 1.35334 29.8460 ± 0.640361
96.5964 ± 0.883846 24.6430 ± 0.195283

120 67.6046 ± 1.4197 25.0372 ± 0.693967
110.331 ± 1.4155 27.8117 ± 0.708461
94.4655 ± 0.88708 23.8915 ± 0.189429

100 74.0224 ± 1.40968 28.9014 ± 0.740969
105.191 ± 1.09507 25.1524 ± 0.528688
93.9820 ± 0.906883 24.6314 ± 0.189073

80 79.8844 ± 1.70275 33.2885 ± 1.23547
97.1487 ± 1.0351 22.8310 ± 0.526415

94.5499 ± 0.955486 24.9883 ± 0.191115
60 89.6515 ± 1.75856 36.2150 ± 1.02229

92.3724 ± 0.944098 21.6467 ± 0.483806
95.7564 ± 0.98694 25.3601 ± 0.186268

40 101.958 ± 2.60202 42.2051 ± 1.48256
86.3262 ± 1.04382 20.4279 ± 0.56143
99.5173 ± 2.17506 25.8378 ± 0.21168

20 110.491 ± 2.6364 49.9533 ± 1.22674
81.4595 ± 1.85042 19.6558 ± 1.37442
100.281 ± 2.19035 24.5991 ± 0.228921


