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ABSTRACT

In preparation for the large backgrounds expected to be present in the Belle II

detector from the SuperKEKB e+e− collider, the radiation hardness of several large

(5 × 5 × 30 cm3) thallium doped cesium iodide (CsI(Tl)) scintillation crystals are

studied. The crystal samples studied consist of 2 spare crystals from the Belle ex-

periment using PIN diode readout and 7 spare crystals from the BABAR experiment

using photomultiplier tube readout. The radiation hardness of the scintillation prop-

erties of the CsI(Tl) crystals was studied at accumulated ∼ 1 MeV photon doses of

2, 10 and 35 Gy. At each dose, the longitudinal uniformity of the crystals light yield,

scintillation decay times, time resolution and energy resolution was measured. As the

Belle II collaboration is considering an upgrade to pure CsI crystals if CsI(Tl) does

not satisfy radiation hardness requirements, the scintillation properties of a pure CsI

scintillation crystal were also measured and compared to the CsI(Tl) crystal measure-

ments. In addition to experimental work, Monte Carlo simulations using GEANT4

were written to compare ideal pure CsI and CsI(Tl) crystals and to study the effects

of radiation damage on the performance of the Belle II electromagnetic calorimeter.
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Chapter 1

Introduction

The Belle II experiment will consist of the Belle II detector operating at the world’s

highest luminosity particle collider, SuperKEKB [1, 2]. The high luminosity of Su-

perKEKB will come at the cost of high beam backgrounds in the Belle II detector.

The higher beam backgrounds will result in radiation damage to the components of

the Belle II detector and larger pile-up noise from the low energy background par-

ticles continually entering the active material of the detector components. In order

to compensate for the higher backgrounds, nearly all Belle sub-detectors are being

upgraded for Belle II and new detectors are being added [2].

The electromagnetic calorimeter (ECL) is the sub-detector in Belle II responsible

for measuring the energies of particles. The Belle II calorimeter will use scintillators

to perform energy measurements. Scintillators are materials that absorb radiation

and re-emit the absorbed energy as scintillation light in the visible or near ultra-violet

spectrum. The original Belle calorimeter used thallium doped cesium iodide (CsI(Tl))

scintillator crystals. CsI(Tl) demonstrated good performance in Belle however, due to

its relatively slow response time and susceptibility to radiation damage, an upgrade

to a faster crystal such as pure CsI is being considered for Belle II [2]. A pure CsI

upgrade would be a major and expensive undertaking and as a result good justification

has to be made before proceeding with the upgrade. The objective of this work is to

measure the radiation hardness of large (5×5×30 cm3) CsI(Tl) crystals and compare

the performance of CsI(Tl) to pure CsI.

The outline for this thesis is as follows. Chapter 2 discusses the Belle II experi-

ment and expands on the motivations of the thesis. Chapter 3 gives an overview of

the operating principles of the Belle II ECL, describing how particles interact with

the calorimeter and how the deposited energy is measured. In Chapter 4, the ex-
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perimental apparatus’s constructed and used to study CsI(Tl) and pure CsI crystals

are described. Chapter 5 presents the results of Monte Carlo simulations written

using the software package GEANT4 [3]. The simulations were used to study ideal

pure CsI and CsI(Tl) crystals and effects of radiation damage on crystal performance.

Techniques used to analyse measured data are described in Chapter 6 and the results

of the study are presented and discussed in Chapter 7. Chapter 8 summarizes the

findings of the work and presents the conclusions of the study.
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Chapter 2

The Belle II Experiment and

Motivations

2.1 The Belle II Experiment

Belle II is a particle detector that will operate at the asymmetric e+e− collider,

SuperKEKB. Following the successful operation of the Belle detector from 1999 to

2010 at the KEKB collider and the BABAR experiment at SLAC, Belle II will be the

highest luminosity B-factory ever to operate [1,2]. The main objectives for Belle II are

to study Charge-Parity (CP) violation in nature and perform precision measurements

mainly in the flavour sector of the Standard Model of Particle Physics. Belle II aims

to answer fundamental questions such as, why is the observed baryon asymmetry in

the universe so large and what is dark matter?

In order to accelerate and collide e+e− particles in the interaction region of Belle

II, the SuperKEKB particle accelerator will be used. The centre-of-mass (CM) energy

of the collisions will be 10.58 GeV [2]. This energy is selected as it is the mass of

a particle resonance called the Υ(4S). The Υ(4S) is a bb̄ quark bound state that

decays via the strong interaction to BB̄ mesons with a 96% branching fraction [4].

The BB̄ system created from this decay is an entangled quantum system, that can

be used to study matter/antimatter asymmetries. A major triumph of the Belle and

BABAR experiments was being the first to measure CP-violation in the BB̄ system.

SuperKEKB will create Υ(4S) particles by colliding e+ and e− beams of energies 4

GeV and 7 GeV respectively [2]. Although an energy-asymmetric collider is not the

most efficient method to achieve a desired CM energy, the asymmetric collisions result



4

in the BB̄ pair to have a Lorentz boost in the lab frame [2, 5]. The Lorentz boost

results in the B-mesons to not be at rest and will increase their decay length, in the

lab frame. This allows for the time separation between the two B-meson decays to

be measured [2].

The luminosity describes the intensity of the collisions occurring at a particle

collider. When the luminosity is multiplied by a production cross section this gives

the number of events produced per unit time [5]. A high luminosity is desirable as

this leads to high physics event rates. SuperKEKB aims to have a luminosity of

8× 1035cm−2s−1 which is about 40 times the luminosity of the KEKB collider [1, 2].

Although a high luminosity is desirable for physics studies, it will result in higher

beam backgrounds that will place great strain on the Belle II detector. For this

reason, the design goal for the Belle II detector is to achieve the same performance

as the Belle detector while operating at the increased luminosity of SuperKEKB [2].

2.2 The Belle II Detector

The main objectives of the Belle II detector are to measure the tracks, momentum,

energy and identification of particles leaving the interaction region located in the

centre of the detector. Belle II is divided into several concentric layers of sub-detectors

that perform these tasks. Figure 2.1 shows a cutaway of the Belle II detector with

the various sub-detectors labelled [2]. Each sub-detector is briefly described below.
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Figure 2.1: Comparison of Belle and Belle II detectors with various sub-detectors
labelled [2].
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Pixel Detector

The Pixel Detector (PXD) is the first cylindrically shaped sub-detector surrounding

the beam pipe and is located 14 mm from the interaction point (IP). The purpose of

the PXD is to measure the position of BB̄’s decay products leaving the IP. The PXD

has two concentric layers of Depleted Field Effect Transistor (DEPFET) semiconduc-

tor sensors that are used to make the position measurements. The active material of

the DEPFET is a depleted silicon region that is placed under a voltage bias. When a

charged particle passes through the silicon it creates electron-hole pairs by ionization.

Due to the applied voltage bias, the electron-hole pairs create a current that activates

a transistor switch on the sensor signalling that a particle has passed through the

pixel area. The first layer of the PXD is divided into 16 sensor areas, 15 × 90 mm2

in area, with pixel sizes of 50× 50µm2 and the second layer is divided into 24 sensor

areas, 15×123 mm2 in area with pixel sizes of 50×75µm2. The position resolution of

the PXD for 0.5 GeV muons will be 2− 5µm depending on the location of the track

in φ [2].

Silicon Vertex Detector

The Silicon Vertex Detector (SVD) is located after the PXD and is also used to

perform position measurements. The SVD is made from double-sided silicon strip

detectors and is divided into four concentric layers. Figure 2.2 shows a schematic

cutaway of the inner tracking detectors showing the position of the 4 SVD layers [2].

The operating principle of the SVD is similar to the PXD. As charged particles pass

though a silicon strip they ionize creating electron-hole pairs that generate a current

in the strip and activate a transistor switch. Unlike the PXD however, each SVD

strip does not have good longitudinal position resolution. The area of the pixels on

the strip’s will be 50× 75µm2 or 240× 160µm2 depending on location. The position

resolution of the SVD for 0.5 GeV muons will be 10−30µm depending on the location

of the track in φ [2].
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Figure 2.2: Transverse plane cutaway view of PXD and SVD layers showing radial
positions of beam pipe (thin inner green), PXD layers (black), SVD layers (blue and
pink) and CDC (thick outer green) [2].

Central Drift Chamber

Surrounding the SVD is the cylindrically shaped Central Drift Chamber (CDC) with

inner radius 160 mm and outer radius 1130 mm. The CDC operates as a magnetic

spectrometer, measuring the tracks of charged particles to determine their momentum

and type. The CDC consists of a sealed cylindrical chamber filled with He-C2H6 gas

which is the active detector material. When charged particles pass through the CDC,

they ionize in the He-C2H6 gas. In order to measure the magnitude and location of

the ionization in the gas, the CDC has 14 336 sensing wires arranged in 56 layers.

The wires are divided into two groups, anode and cathode. The cathode wires are

grounded and the anode wires are connected to positive high voltage bias. The voltage

bias creates an electric field around the wires causing them to attract the ionization

electrons. A 1.5 T axial magnetic field permeates the Belle II detector and is used to

bend the trajectory of charged particles as they pass through the CDC. By measuring

the magnitude of ionization per unit length and the trajectory through the magnetic

field, a particle’s momentum, charge and type can be determined. The energy loss

per unit length, dE/dx, resolution for the Belle II CDC is expected to be 8.5-12 %

depending on the incident angle of the particle. [2].

Particle Identification

At high energies, the signals from pion and kaon particles are difficult to differentiate

using the CDC. In order to improve the identification of kaons and pions special Parti-

cle IDentification (PID) detectors are placed after the drift chamber in the barrel and

forward endcap of the detector. The PID detectors perform particle ID by measuring
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the speed of the particles leaving the CDC. For low momentum particles, the time

difference between beam crossing and interaction with the PID detector is used. For

high momentum particles this method is not optimal and instead both PID systems

utilize Cherenkov radiation to make measurements. Cherenkov radiation is generated

by a particle traversing a material and exceeding the speed of light of that material.

When created, Cherenkov light propagates outward in a cone from the particle and

the opening angle of the cone is determined by the speed of the particle [2, 4, 6, 7].

For Barrel PID, the detector is a Time-Of-Propagation (TOP) counter. The

TOP counter consists of 16 quartz radiator bars with photomultiplier tubes’s (PMT)

mounted on one end. The TOP counter is located 1243 mm from the IP in-between

the CDC and calorimeter. Figure 2.3a shows a schematic of a single TOP counter

illustrating its operating principle [2]. Kaons and pions passing through the quartz

generate Cherenkov radiation that projects outward and totally internally reflects in

the quartz bar. Using timing information and the spatial distribution of light detected

at the PMT array, the TOP counter is able to reconstruct the Cherenkov opening

angle and measure the speed of the original particle [2].

The PID detector on the endcap is called the Aerogel Ring-Imaging Cherenkov

(ARICH) detector and its principle of operation is very similar to the TOP counter.

Figure 2.3b illustrates the operating principle of ARICH [2]. Aerogel is used as a

medium to generate Chenerkov light from kaons and pions passing through it. The

Cherenkov cone is detected by an array of PMTs and the angle of propagation is

reconstructed [2].

(a) TOP detector

(b) ARICH detector

Figure 2.3: Illustrations of operating principles for Belle II PID detectors [2].
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Electromagnetic Calorimeter

The Electromagnetic Calorimeter is used to measure the energies of particles that

interact through the electromagnetic force. It is also the only detector layer where

high energy photons are detected. The Belle II ECL is divided into three regions, the

barrel and backward/forward end-caps. The ECL uses CsI(Tl) scintillator crystals as

the active material. Particles entering the ECL are attenuated by the CsI(Tl) crystals

and their energy is converted to scintillation light. The scintillation light is read out

by photodiodes glued to the rear of the crystals. The amount of scintillation light

produced by the CsI(Tl) crystals is proportional to the amount of energy deposited

in the crystal. Thus by measuring the intensity of scintillation light produced for a

given event, the energy of the particle can be determined. Due to concerns of the

radiation hardness of CsI(Tl), a possible upgrade to pure CsI scintillation crystals is

under consideration by the collaboration and motivates the studies in this thesis [2].

KLM

The KLM is the final sub-detector in Belle II and its purpose is to detect muons

and long lived neutral kaons. Muons are long lived and do not lose a significant

amount of energy while traversing the tracking detectors and calorimeters and thus

will leave the detector. To measure the trajectories of these particles, the KLM

detector uses Resistive Plate Chambers (RPCs). As shown in Figure 2.4 RPCs contain

multiple layers of electrodes, gas regions and insulators. When a charged particle

passes through an RPC they ionize in the gas regions. The large electric field in the

gas region accelerates the ionization electrons producing an ionization stream. When

the stream reaches the positive plate a fast electrical pulse is generated and is read

out using the cathode plane. Using the hit location in KLM and the track in the

CDC, muons can be identified. For neutral kaon identification, the kaon must decay

in the ECL to charged particles that register hits in the KLM [2].



10

Figure 2.4: RPC schematic [2].

2.3 Belle II Backgrounds and Effect on ECL Per-

formance

The background particles originating from the high luminosity operation of SuperKEKB

are expected to impose harsh operating conditions for the ECL. The main beam back-

grounds in the Belle II electromagnetic calorimeter will originate from the Touschek

Effect, beam gas scattering, Bremsstrahlung and Radiative Bhabhas [2,8]. The Tou-

schek Effect occurs from Coulomb scattering inside the individual beam bunches.

Dipole and quadrupole magnets in the accelerator ring are used to contain the beam

particles in bunches as they are accelerated. Internal bunch scattering occurs however

and if a significant amount of the longitudinal momentum of the bunch is transferred

to the direction perpendicular to the bunch momentum, particles will escape the

containment of the accelerator magnets and could enter the detector. Beam gas scat-

tering occurs from the bunch particles scattering off gas particles in the beam pipe

due to imperfect vacuum. Discussed in detail in Chapter 3, Bremsstrahlung describes

when a charged particles radiates a photon when passing near an atomic nucleus.

Radiative Bahabhas occur from electron-positron scattering and will also be a large

source of background in the Belle II ECL [2,8].

The high beam backgrounds will lead to degradation of the energy and time

resolution of the calorimeter. The energy resolution of the ECL will degrade due to

radiation damage in the CsI(Tl) scintillator crystals. Figure 2.5 shows the signal loss
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observed in the Belle ECL crystals after 10 years of operation [2]. It is observed that

there was about an 8% drop in light yield for crystals in the ECL due to radiation

damage. Without additional radiation shielding in front of the ECL, the radiation

dose to the crystals in Belle II is expected to be up to 10 times higher than in

Belle [2, 9]. This results in the radiation hardness of CsI(Tl) to be an important

crystal property that needs to be well understood.

Figure 2.5: Average light loss observed in crystal rings from 10 years of Belle operation
[2].

Another major concern for the ECL is degradation of the timing resolution due

to pile up noise in the crystals. Pile up noise occurs from beam background particles

continually depositing energy in the ECL crystals. The amount of pile up noise in

Belle II is expected to be 3 times higher compared to Belle [2]. In order to maintain

ECL performance with higher pile-up noise, the readout electronics of the CsI(Tl)

crystals are being upgraded to use shorter shaping times [2]. The electronics readout

time, however, is limited by the scintillation decay time of CsI(Tl) which is about 1

µs [10]. Discussed in Chapter 3, the scintillation time for pure CsI is much shorter (16

ns) and motivates a pure CsI crystal upgrade. The pure CsI upgrade would result in

the CsI(Tl) crystals in the ECL forward end-cap to be replaced by pure CsI crystals

as this is where the backgrounds are expected to be the highest [2, 11].

The research objectives for this thesis are:

1. Investigate the radiation hardness of large (5× 5× 30 cm3) CsI(Tl) crystals at
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absorbed ∼ 1 MeV photon doses expected to be reached over the planned 10

year lifetime of the Belle II electromagnetic calorimeter.

2. Measure and compare the energy resolution and timing resolution of CsI(Tl)

and pure CsI crystals.
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Chapter 3

Electromagnetic Calorimeter

Theory

Chapter 3 discusses how the Belle II calorimeter will make energy measurements of

particles created from collisions. First particle interactions in matter are reviewed.

Then the potential scintillator materials for the Belle II ECL, CsI(Tl) and pure CsI,

are discussed. Finally methods of scintillation light detection are described.

3.1 Particle Interactions in Matter

3.1.1 Charged Particle Processes

When traversing a material, charged particles will mainly lose energy by bremsstrahlung

at high energies and ionization at low energies. The most probable interaction for a

charged particle to undergo depends on the particle type, energy and the material the

particle is traversing [4, 7]. To illustrate the dependence on energy, Figure 3.1 shows

the stopping power for a muon in copper as a function of the muon energy [4]. The

areas where bremsstrahlung (radiative) and ionization (Bethe) dominate energy loss

are labelled.
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Figure 3.1: Muon interactions in copper over a large energy range [4].
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e−

e−in

e−free

e−out
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Figure 3.2: Feynman diagrams for main charged particle interactions in matter.

Bremsstrahlung occurs when a charged particle emits a photon when passing near

an atomic nucleus. The lowest order Feynman diagram1 for this process is shown

in Figure 3.2a. In bremsstrahlung, a virtual photon γ is exchanged between the

incident charged particle and atomic nucleus resulting in a photon to be radiated by

outgoing the charged particle. Equation (3.1) gives the energy loss per unit length

1Feynman diagrams are used to calculate the probability for an interaction to occur. They can
also be interpreted from left to right to visualize the interactions between incoming, virtual and
outgoing particles for a given process. The charge is indicated by the direction of the arrow on each
line.
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due to bremsstrahlung at high energies [7]. From equation 3.1, it is seen that the

amount of energy loss by bremsstrahlung is dependent on the particles energy and

inversely proportional to the particles mass squared. Due to the inverse mass squared

dependence, light particles such as electrons will undergo bremsstrahlung much more

easily than heavier particles such as protons [6, 7].

(
− dE

dx

)
brem

= 4αNA
Z2

A
z2
( 1

4πε0

e2

mc2

)2
E ln

( 183

Z1/3

)
(3.1)

Where:

Z = atomic number of material

A = atomic weight of material

z = incident particle charge

m = incident particle mass

E = incident particle energy

c = speed of light

NA = Avogadro constant

The radiation length, X0, is a material property that gives the mean free path

for bremsstrahlung in a material for a specific particle. For electrons, X0 is given by

equation 3.2 [7].

X0 =
(

4αNA
Z2

A
r2e ln

( 183

Z1/3

))−1

(3.2)

Where:

re = classical electron radius = 1
4πε0

e2

mec2

Using the definition of the radiation length, the energy loss from bremsstrahlung

by electrons can be rewritten as in equation 3.3 [6, 7]. This separates the material

dependence (X0) from the energy dependence showing that
(
dE
dx

)
brem

scales linearly

with energy.

(dE
dx

)
brem

=
E

X0

(3.3)

At low energies, ionization becomes the dominant process for energy loss. The

energy where (dE
dx

)brem = (dE
dx

)ionization is defined as the critical energy, Ec [4, 6]. Ec

is dependent on the particle type and material type. Illustrated by the first order
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Feynman diagram in Figure 3.2b, ionization occurs when a charged particle transfers

energy to an atomic electron freeing it in the process. The Bethe-Bloche equation is

used to describe energy loss from ionization and is given by equation 3.4 [4, 7].

(
− dE

dx

)
ionization

= Kz2
Z

A

1

β2

[1

2
ln

2mec
2(βγ)2Wmax

I2
− β2 − δ(βγ)

2

]
(3.4)

Where:

K = 4πNAr
2
emec

2

e = electron charge

β = v
c

γ = (1− β)−1

me = electron mass

I = ionization potential of medium

δ(βγ) = relativistic correction

Wmax = maximum energy transfer from single collision

The magnitude of energy loss from ionization is dependent on the mass and energy

of the particle. Particles at the energy to minimally ionize are called minimally

ionizing particles (MIPs). Figure 3.1 above labels the minimum ionization energy

for muons in copper [4]. As a result of their definition, a MIP will traverse many

radiation lengths of material before losing a significant amount of energy.

3.1.2 Photon processes

Analogous to Figure 3.1 for charged particles, Figure 3.3 gives the total interaction

cross-section for photons in lead as a function of photon energy [4]. There are three

dominant interactions for photons in materials: pair production (κnuc), Compton

scattering and the photoelectric effect. The lowest order Feynman diagram for each

of these processes is shown in Figure 3.4. The likelihood for a photon to undergo each

of these reactions is dependent on the photons energy [4, 7].
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Figure 3.3: Photon total interaction cross-section in lead as function of energy [4].
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Figure 3.4: Feynman diagrams for main photon interactions in matter.
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At high energies, pair production is the dominant photon process in materials.

Pair production describes when a photon creates an electron and positron pair though

the exchange of a virtual photon with an atomic nucleus. The energy threshold for

e+e− pair production is given by equation 3.5 2 [7].

Eγ ≥ 2mec
2 + 2

(mec)
2

mnucleus

(3.5)

Below this threshold Compton scattering dominates photon interactions over a

small energy range. Compton scattering occurs when a photon interacts with an

atomic electron by transferring some of its momentum [4,6].

For O(1 MeV) gamma sources, Compton scattering will be the dominant photon

interaction. From four-momentum conservation of a Compton scattering event, it can

be shown that the energy of the outgoing photon is only dependent on the scattering

angle and is given by equation 3.6 [5].

1

Eout
γ

=
1

Ein
γ

+
(1− cos(θ))

mec2
(3.6)

where

θ = angle between incoming and outgoing photon

Eout is always less than the initial energy of the photon and thus a photon cannot

deposit all of its energy by a single Compton scatter. This results in the Compton

edge observed when measuring the energy spectrum of gamma sources using inter-

mediate sized radiation detectors3 [12]. The Compton edge arises from the incoming

photons undergoing a single Compton scattering event in the detector material and

then escaping the detector. As Eout < Ein there is always a gap between the main

gamma peak and the Compton edge. Below the Compton edge there is the Compton

continuum from scattering events where θ < 180 [12].

At low energies, the photoelectric effect dominates photon processes. The photo-

electric effect describes when low energy photons are absorbed by atomic electrons

and free them from their bound state. The energy of the outgoing electron is given

by equation 3.7 where W is the work function and is a material property related to

the binding energy of the atomic electron [12].

2This limit is usually approximated by Eγ ≥ 2mec
2 as mnucleus >> me [7]

3See Figure 4.4a channel number 600 for an example of a Compton edge
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Eo = hf −W (3.7)

where

h = Planck constant

f = photon frequency

Eo = energy of outgoing electron

3.1.3 Electromagnetic Showers

When a high energy electron or photon (E � 10 MeV) begins traversing a material

an electromagnetic (EM) shower will form. EM showers are the result of successive

bremsstrahlung and pair production interactions that convert the original high energy

particle into many low energy particles. This is illustrated in Figure 3.5 where a

photon incident on a material undergoes pair production after one radiation length

creating an e+ and e−, each with half the energy of the initial photon. Then the e+/e−

will undergo bremsstrahlung after another radiation length. At each successive stage

of the shower the number of particles doubles while the energy of the individual

particles decreases. An EM shower will propagate in the material until the energy of

the particles reaches the critical energy of the material. Once these particles reach

the critical energy, ionization will dominate the energy loss [4, 6, 7].
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Figure 3.5: Schemetic of an electromagnetic shower.

The development of an electromagnetic shower in a materiel is governed by its

radiation length and Moliere radius. As described above, the radiation length is the

mean-free-path for bremsstrahlung and 7/9 the mean-free-path for pair production.

The Moliere radius describes the propagation of the shower in the transverse direction

due to small angle scattering. When designing a calorimeter it is optimal for the active

material to have a small radiation length and Moliere radius so the shower is contained

in a small volume. This will optimize the position resolution of the calorimeter [4,6].

3.1.4 Energy Resolution and Time Resolution

The energy resolution gives a measurement for how accurate a detector can measure

energy deposits [7]. A small value of R is desirable in order to have a good signal to

background when analysing physics events. For an electromagnetic calorimeter, the

energy resolution can be parametrized by equation 3.8 [7, 13].

R =
σE
E

=
a√
E
⊕ b

E
⊕ c (3.8)

where ⊕ indicates to sum in quadrature.

The a term in this equation is called the stochastic term and accounts for statistical

fluctuations in the number of secondary particles in the shower. The b term is called
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the noise term and comes from electronic noise and pile-up. The c term is called the

constant term and accounts for imperfections in the calorimeter, leakage, calibration

errors and non-uniformities. At high energies, the constant term will dominate the

error for a given measurement as it is the only term that is energy independent [6,13].

The time resolution for a detector describes how well it can differentiate between

two different events separated in time. The time resolution has units of seconds and

is a critical parameter for detectors operating in environments with large background

such as Belle II.

3.2 Scintillator Theory and Effects of Radiation

Damage

Scintillators are materials that convert energy from ionizing radiation into lumines-

cence. There are many materials that can scintillate and each are characterized by

their light yield, linearity and scintillation decay times. The light yield of a scin-

tillator describes how many scintillation photons it can produce per unit of energy

deposited. The linearity describes how linear the relationship between light yield and

energy deposited is for a scintillator. The scintillation decay time describes how long

it takes the scintillator to emit 63% of its scintillation light after an energy deposit.

Scintillators are divided into two classes, organic and inorganic [12,14].

Organic scintillators generally have very fast scintillation decay times and have

good light yields, however their linearity when converting light yield to energy is poor.

The typical application of an organic scintillator is a trigger used to get accurate tim-

ing measurements for when a particle has passed through the scintillator. Inorganic

scintillators are generally slower than organic scintillators and can vary in light yield

however, they have excellent linearity and are very dense. The typical application of

inorganic scintillators is to measure energy deposits from particles [12, 14].

The Belle II Electromagnetic Calorimeter will use inorganic scintillators as the

active medium. As with the original Belle ECL, CsI(Tl) will be used in the barrel

and backward endcap. Due to concerns arising from the increased luminosity of

SuperKEKB, pure CsI in place of CsI(Tl) is being considered for the forward endcap

of the calorimeter [2].



22

3.2.1 Pure CsI vs CsI(Tl)

In terms of composition, CsI(Tl) differs from pure CsI by the doping of thallium that

has been found to change the scintillation properties of the crystal. A comparison of

the scintillation properties of pure CsI and CsI(Tl) is shown in Table 3.1 [10, 11, 14].

As the concentration of thallium in CsI(Tl) is very small, CsI(Tl) and pure CsI have

the same radiation length and Moliere radius. The main differences between the

two materials are the scintillation properties. Pure CsI has been found to have a

relatively low light yield with a peak emission at 315 nm. Pure CsI also has multiple

fast scintillation decay times on the order of 2 − 40 ns each and a slow component

on the order of 1 us [11, 15, 16]. CsI(Tl) has a very high light yield with the peak

emisison at 550 nm. In CsI(Tl) there are two scintillation decay components at about

0.8 µs and 3-5 µs [10,14,15,17]. The decay times of CsI(Tl) have also been found to

vary depending on the particle type [14]. The nominal values for τCsI and τCsI(Tl) are

often quoted as 16 ns and 1 µs respectively [10,11]. To understand the origin of these

differences, the scintillation mechanism for pure CsI and CsI(Tl) will be discussed.

Table 3.1: Comparison of pure CsI and CsI(Tl) scintillation properties.

Scintillator
X0

(cm)
Moliere Radius

(cm)
Light Yield

(γ/keV)
Peak Emission

(nm)
τ

(ns)
Pure CsI

1.8 3.8
2 315 16

CsI(Tl) 54 550 1000

Pure CsI

In the ideal pure CsI crystal lattice where no impurities or imperfections present,

there are three main energy bands. The lowest energy band is occupied by inner

atomic electrons. These electrons have high binding energies as they are close to the

positively charged nucleus. The outer shell atomic electrons however are screened by

the inner electrons and are not as strongly bound. The outer electrons occupy an

energy band called the valence band. The highest energy state is in the conduction

band. In the conduction band electrons are free to move in the crystal lattice. In pure

CsI the valence band and conduction band are separated by a forbidden energy band

gap which no electrons can occupy. For an electron to transition from the valence

band to the conduction band, enough energy has to be absorbed to overcome the

forbidden energy gap. Figure 3.6 shows an illustration of the band gap structure in
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pure CsI [14].

pure CsI Band Gap Structure:
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Figure 3.6: Pure CsI band structure.

In its lowest energy state, the valence band of the crystal is fully occupied by

atomic electrons in their ground state. When radiation enters the crystal, it transfers

energy to the valence electrons. Excitations to the conduction band occur only if

sufficient energy to over come the forbidden energy gap is absorbed. As the energy

gap of the forbidden region is on the order of a few eV, energy deposits from high

energy particles where E � 1eV will typically excite a large number of electrons in

the crystal to the conduction band [14].

When enough energy is applied to an electron to overcome the band gap, there

are two main process that can result in pure CsI. The most common process is for the

electron to be excited into the conduction band and leave a positively charged hole in

the valence band. Once in the conduction band, the electron can migrate throughout

the crystal lattice until it finds another hole and then it will de-excite. During this

de-excitation the excess energy of the electron will disperse through lattice vibrations

(phonons) or by the emission of a photon of energy equal to the band gap. Photon

emission through this process is not the primary source of scintillation light in pure

CsI because the emitted photon has an energy equal to the band gap separation

between the valence and conduction band. Thus there is a high probability that the

emitted photon will be reabsorbed by other valence electrons in the pure CsI before

exiting the crystal [14].

In order to overcome self-absorption an exciton must form. An exciton is a bound

state that can form when the valence electron is excited across the band gap but still

remains electrically bound to the hole it leaves in the valence band. Now the electron
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will occupy an energy state just below the conduction band called the exciton band.

The exciton will eventually recombine and photon emission will take place. As the

energy of the exciton band is less than the band gap, the probability of re-absorption

is significantly reduced [14].

CsI(Tl)

In CsI(Tl), thallium is doped in pure CsI during crystal growth. Doping pure CsI

with thallium results in a significantly higher light yield (Table 3.1). Figure 3.7

illustrates the CsI(Tl) energy gap structure showing the new energy bands locally at

the thallium atomic sites [14].

CsI(Tl) Band Gap Structure:

Conduction Band
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Figure 3.7: CsI(Tl) band structure near Tl impurity.

As with pure CsI, energy from radiation is absorbed by the valence electrons

causing them to excite to the conduction band or form an exciton. In CsI(Tl) however,

the electrons in the conduction band have the option to first de-excite to a thallium

activator site then de-excite again to the valence band or the ground state of the

thallium site. In both processes, photon emission occurs such that the photon has an

energy smaller than the band gap of the crystal [14]. As the thallium concentration

in the crystal increases, the thallium activator scintillation process will dominate over

the intrinsic pure CsI scintillation component in CsI(Tl) [18].

3.2.2 Radiation Damage in CsI(Tl)

Absorbed radiation dose describes the amount of energy absorbed by a material per

unit mass. The SI unit to measure absorbed dose is the Gray (Gy) and is equivalent
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to one joule per kilogram. The electromagnetic calorimeter in Belle II is expected to

reach doses of 1-4.5 Gy per year depending on location in the detector and on the

performance of any additional radiation shielding placed before the ECL [9]. This

is much higher then the accumulated doses experienced after 10 years operation in

Belle that was about 1-4.5 Gy total [2].

The radiation hardness of a scintillator describes how well that scintillator can

maintain its scintillation properties after absorbing a given dose. There have been

past studies of the radiation hardness of CsI(Tl) [17, 19–22]. Large doses of ionizing

radiation have been found to decrease the scintillation light yield leaving the crystal.

The magnitude of the drop in light yield however has been found to vary crystal-to-

crystal depending on crystal size and purity. By analysing the transmission spectrum

of irradiated crystals many studies have attributed the decrease in light yield to

increased self-absorption in the CsI(Tl) originating from the creation of F-centers

[17,20–23].

An F-centre arises from an electron getting trapped in a positively charged vacancy

in the CsI crystal lattice. This vacancy can arise from a variety of sources such as

lattice defects or impurities. The trapping of the electron will alter the band gap

structure near the capture site allowing more allowed energy states in the forbidden

region. The new allowed energy states will be able to absorb the scintillation light

produced from the thallium sites and thus increase self-absorption of the crystal

[20, 23]. In addition to absorption centres, a study of a small 1 × 1 × 1 cm3 CsI(Tl)

crystal, has shown the scintillation mechanism of CsI(Tl) is also affected at very high

doses of 5× 105 Gy [24].

3.3 Scintillation Light Detection

Once the scintillation light leaves the crystal, the final step in determining the magni-

tude of the original energy deposit is to measure the intensity of the scintillation light.

There are numerous methods of scintillation light detection that are used depending

on the scintillator and application. For this work, both photomultiplier tubes and

PIN diodes were used. These two methods are described below.
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3.3.1 Photomultiplier Tubes (PMT)

A PMT consists of two sections, the photocathode and the electron multiplier struc-

ture [12]. This is illustrated with the schematic shown in Figure 3.8 [25]. The photo-

cathode is located at the front end of the PMT and is the first element that interacts

with scintillation light leaving the crystal. Photocathodes operate using the photo-

electric effect. Incoming scintillation light is absorbed by the photocathode atomic

electrons. If the electrons absorb enough energy to overcome the work function of

the material then they will escape the photocathode. These outgoing electrons are

referred to as photo-electrons. The efficiency of a photocathode to convert scintilla-

tion photons to photo-electrons is characterized by the quantum efficiency (QE). The

QE can vary greatly as a function of material type and wavelength of scintillation

light [12].

After the photo-electrons are released from the photocathode they enter the elec-

tron multiplication structure. This structure consists of a number of dynodes in

vacuum held at high voltages creating a strong electric field. The electric field accel-

erates the photo-electrons to collide with the dynodes. The dynodes are designed to

create electron multiplication from electron collisions. A cascading process occurs as

electrons are accelerated dynode to dynode while accumulating charge. Finally the

accumulated charge is sent out through a wire as a current. The output current is

proportional to the number of scintillation photons that hit the photocathode [12].

Figure 3.8: PMT schematic [25].

3.3.2 Photodiodes

Photodiodes are another method of scintillation photon readout. In general photo-

diodes have higher QE’s than PMTs and do not require high voltage. PIN diodes
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however have no internal gain unlike a PMT that can have several ×1000 gain. The

structure of a PIN diode is shown schematically in Figure 3.9 and consists of a P-type,

intrinsic type and n-type semiconductor arranged in series and placed under a voltage

bias on the order of 50-100 V [12].

i-typep-type n-type
0 V +50 V

Figure 3.9: PIN diode schematic.

When scintillation photons enter the i-type region of the diode their energy is

absorbed and electron hole pairs are created. As the diode is under a voltage bias

the electrons will drift towards the p-type end creating a current out of the n-type

end. The magnitude of the resulting current is proportional to the the number of

scintillation photons that hit the PIN diode [12].
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Chapter 4

Experimental Apparatus

4.1 Crystal Samples Studied

Table 4.1 identifies the crystals studied for this thesis and their manufacturer1. All

CsI(Tl) crystals studied were spare crystals from the BABAR or Belle experiments.

These crystals were previously undosed and are representative of the quality of crys-

tals that are used in large particles detectors such as Belle II. The Belle II spare

crystals used for the radiation hardness studies are spares from the forward end-cap

of the ECL. It is critical to test the crystals in this region of the ECL as they are the

crystals that would be replaced by pure CsI if the collaboration proceeds with the

pure CsI upgrade [2].

1SIC = Shanghai Institute of Ceramics
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Table 4.1: Crystal samples studied indicating detector origin and manufacture.

Crystal Type Detector Origin Crystal ID Manufacturer

Pure CsI - - AM Crystals

CsI(Tl)

Belle

320017 SIC

334017 SIC

315065 SIC

BABAR

BCAL02410 SIC

BCAL02922 SIC

BCAL02676 SIC

BCAL03348 Chrismatec

BCAL02234 Chrismatec

BCAL03334 Chrismatec

BCAL05881 Kharkov

BCAL05883 Kharkov

Figure 4.1 shows pictures of the typical Belle and BABAR crystals used. All crystals

were wrapped in a layer of 200µm thick teflon and 40µm thick aluminized mylar as

they would be in Belle II [2]. The purpose of the wrapping is to increase the light

yield at the detector end by reducing light leakage. All crystals were shaped as a

rectangular trapezoid with a slight taper such that the readout face of the crystal

was larger than the front face of the crystal. The majority of crystals were 30 cm in

length except BCAL5881 and BCAL5883 which were 31.5 cm long. The readout and

front face of each crystal varied with the typical size being 5× 5 cm2.
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30 cm

(a) Typical Belle crystal with teflon and aluminized mylar wrapping.

30 cm

(b) Typical BABAR crystal with teflon and aluminized mylar wrapping.

Figure 4.1: Photographs of typical CsI(Tl) crystals studied showing taper geometry
and outer wrapping.

Two experimental apparatuses were used to evaluate the characteristics of the

scintillation crystals. Each apparatus was designed to facilitate the different scintil-

lation light readout methods used.

4.2 Pure CsI and BABAR CsI(Tl) Crystal Measure-

ments

4.2.1 Light Yield Measurements

The BABAR CsI(Tl) crystals and the pure CsI crystal were read out using a R5113-02

PMT made by Hamamatsu [26]. The R5113-02 is a R329-02 model PMT with a UV

glass window allowing it to be used with pure CsI that scintillates at 315 nm [11,26].

The high gain provided by the PMT allowed for light yield measurements to be made

with a 207Bi gamma source (the photodiodes on the Belle Crystals were not sensitive

enough to detect the source). The apparatus used to conduct these measurements is

shown in Figure 4.2.
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Figure 4.2: Uniformity Apparatus for measurements of BABAR CsI(Tl) and pure CsI
crystals (CsI(Tl) crystal shown in image)

The Uniformity Apparatus consisted of a mount for the PMT and crystal as well

as a stepper-motor controlled automated track for carrying the source and lead col-

limator. The mounts and the track were secured in place in order to have consistent

relative positioning. The entire apparatus was enclosed in a dark box to prevent dam-

age to the PMT and eliminate background light from the room. During operation,

dry nitrogen gas was flushed into the dark box in order to reduce the humidity. Al-

though CsI(Tl) and pure CsI crystals are only slightly hygroscopic, they should not be

exposed to high humidity for extended periods of time [10,11]. During measurements,

the typical relative humidity (RH) was 20 - 40 %. In storage the crystals were sealed

in plastic with desiccant where the RH was < 10%. Temperature measurements were

recorded during each measurements and fluctuated less than ±2 ◦C. An air coupling

was used between the PMT and the crystals. Although this did not optimize the light

collection efficiency, it provided a reproducible day to day optical coupling between

the PMT and crystal.

The signal chain used to acquire gamma spectra is shown in Figure 4.3. Pulses

from the PMT were integrated by a Tennelec shaping amplifier. After integration

and amplification, uni-polar pulses were sent to a Tracor Northern multichannel anal-

yser (MCA) where the pulse heights were recorded in a histogram. Gamma spectra
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recorded on the MCA were saved to a computer for analysis. Table 4.2 outlines the

shaping amplifier settings used for pure CsI and CsI(Tl). The linearity of this signal

chain was confirmed using a pulser.

CsI Crystal PMT Tennelec Amplifier

HV Supply

MCA CPU

Figure 4.3: Readout signal chain used for source measurements with pure CsI and
BABAR CsI(Tl) crystals.

Table 4.2: Readout electronics settings for pure CsI and BABAR CsI(Tl) crystals.

Typle Amplifier Shaping Time Gain HV on PMT
Pure CsI Tennelec 0.5 us 100 1850 V
CsI(Tl) Tennelec 6 us 300 1700 V

Each uniformity measurement consisted of recording nine 207Bi gamma spectra at

3 cm spacings along the crystal, beginning 3 cm from the PMT face. These positions

are labelled in Figure 4.2. 207Bi was used as it has three main gamma peaks at 0.569

MeV, 1.064 MeV and 1.77 MeV thus allowing for various depths2 of the crystal to be

tested as well as providing enough points for a reliable calibration of channel number

to energy to be calculated [27]. Figure 4.4 shows typical 207Bi spectra recorded by

pure CsI and CsI(Tl).

2See Figure 5.3
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Figure 4.4: Typical 207Bi energy spectra measured with CsI(Tl) and pure CsI at 0
Gy dose.

4.2.2 Scintillation Decay Time Measurements

In order to measure the scintillation decay times of the pure CsI and BABAR CsI(Tl)

crystals, cosmic rays were used. These measurements used the same PMT and dark

box as the uniformity measurements described above, however the signal chain was

modified. The modified signal chain is shown in Figure 4.5 where pulses from the

PMT are sent to an Tektronix oscilloscope where they were digitized and then saved

to a computer. No triggering was used to filter the direction of the accepted cosmic

rays for CsI(Tl) that had pulse heights of ∼ 1 V and a discriminator was set at about

175 mV to filter out noise. Figure 4.6 shows typical scintillation pulses from pure CsI

and CsI(Tl);

PMT Tektronix Scope

HV Supply

CPU

Figure 4.5: Signal chain for recording cosmic pulses using BABAR CsI(Tl) and pure
CsI.
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Figure 4.6: Typical Cosmic Pulses from BABAR CsI(Tl) and pure CsI.

4.3 Belle Crystal Measurements

4.3.1 Belle Crystal Readout

Each Belle CsI(Tl) crystal had two PIN photodiodes glued to the back of the crystal.

Signals from the diodes were immediately shaped by a preamp also attached to the

back of the crystal. Figure 4.7 shows the preamp assembly attached to each Belle

crystal. During operation at Belle II, the shaped diode signals are summed by a

shaper circuit where further pulse analysis would occur. As the shaper circuit was

not available for this study, a readout board was designed at UVic to readout the

signals from the Belle pre-amp. Appendix A.2 shows circuit diagrams for the UVic

readout board.

Figure 4.7: Preamp assembly at back of Belle crystals.
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Each diode on the Belle crystals has two outputs, a collector output (OUT-C) and

emitter output (OUT-E). In Belle and Belle II the OUT-C signals are summed and

analysed while OUT-E is connected to ground. This is because the OUT-E signal

is unstable for very large scintillation pulses (1 GeV events) [28]. It was suggested

that the OUT-E output however would give superior performance over the OUT-C

output. The first version of the UVic Readout Board consisted of independent sum-

ming configurations for both OUT-E and OUT-C. This was done to compare the two

signals and see if OUT-E would be sensitive enough for 207Bi source measurements.

The results of the comparison are summarized in Figure 4.8 and Table 4.3.
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Figure 4.8: Comparison of Out-E and Out-C readout using UVic Readout Board 1.
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Table 4.3: Comparison of Out-E and Out-C light yield parameters.

Configuration AVG Pulse Height RMS noise / pulse height

OUT - C

(Belle Circuit)
30 mV 2.3 %

OUT - E 90 mV 1.6 %

OUT-E was found to have a superior signal to noise ratio. However, the OUT-E

configuration was still unsuccessful in acquiring a 207Bi source spectrum. As a result,

a second board was design with only the Out-C method, as this is what will be used

at Belle II. The second board had options for Summed Diode Output, Individual

Diode Output, LED Pulsing and a Test Pulse. Pictures of both readout boards are

shown below Figure 4.9.

(a) First UVic Readout board with
Out-E and Out-C configurations.

(b) Final UVic Readout board with
only Out-C and options for indi-
vidual diode readout, LED pulsing
and test pulse.

Figure 4.9: Both UVic readout boards. See Appendix A.2 for circuit schemetics.

The final signal chain for the Belle crystal pulse readout is shown in Figure 4.10.
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Belle CsI(Tl) Crystal
Diode A

Diode B

Belle Pre-Amp

Belle Pre-Amp

Diode Supply (58.0 V)

Readout Board 2 Oscilliscope

CPU

Figure 4.10: Readout signal chain for Belle CsI(Tl) summed configuration.

4.4 Belle CsI(Tl) Light Yield Measurements

A cosmic ray test stand was assembled in order to do uniformity measurements on the

Belle crystals. Figure 4.11 shows a picture and schematic of the cosmic test stand.

(a) Cosmic Ray Test Stand for measurements on
Belle CsI(Tl) crystals.

Dosed Crystal

Reference Crystal

Lead

(b) Schematic showing example trigger condition.

Figure 4.11: Cosmic Test Stand.

Seven plastic scintillators were assembled dividing the crystal longitudinally into

three 10 cm long sections (Near Diode, Middle, Far from Diode). A 2.54 cm thick

lead plate was placed before the last scintillation paddle trigger to further filter out

non-MIPs. Pulses from the plastic scintillator paddles were sent to a gate generator

and then to coincidence units. The external trigger of the oscilloscope was connected

to a global trigger that signalled when three vertically aligned paddles recorded a
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coincidence event. Figure 4.11 shows an example trigger condition for the middle

section. For each global trigger, the output from the Test and Reference Crystal was

saved as well as the signal from the Local Position Trigger. Logic diagrams for the

coincidence signal chains can be found in Appendix A.1.

4.4.1 Time Resolution

The second version of the readout board had the ability to monitor each diode in-

dividually. This allowed for the light yields of each individual diode to be measured

and well as for time resolution measurements of the diodes to be calculated. Figure

4.12 shows the signal chain when recording individual diode events.

Belle CsI(Tl) Crystal
Diode A

Diode B

Belle Pre-Amp

Belle Pre-Amp

Diode Supply (58.0 V)

Readout Board 2 Oscilliscope

CPU

Figure 4.12: Readout signal chain for Belle CsI(Tl) individual diode configuration.

4.4.2 LED Measurements

A third option on the Belle Readout board allowed for pulsing of a green LED located

on the Belle crystal electronics. Pulsed LED measurements were taken to measure

the change in transmission of the crystals. It was found that the LED output was

unstable however and transmission measurements could not be made using the LED.

4.5 CsI(Tl) Dosing Methods

The CsI(Tl) crystals were dosed at the National Research Council (NRC) Irradiation

Facility in Ottawa, Canada using 1.17 MeV and 1.33 MeV gamma rays from a 60Co

source. All dose calculations and measurements were completed by the NRC [29].

The crystals were dosed at a dose rate of about 0.2 Gy/min in stages of 2, 10 and 35

Gy accumulated dose allowing the scintillation properties of the crystal to be studied

as a function of accumulated dose.

The CsI(Tl) samples were divided into two dosing groups, Group A and Group

B. Group A consisted of crystals 320017, 3348, 2922 and 2676 and Group B consisted
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of crystals 334017, 2234, 3334, 5881 and 5883. Figure 4.13 show the irradiation

apparatuses used to dose Group A and Group B.

(a) Group A View 1 (b) Group A View 2

(c) Group B Open View (d) Group B Closed View

Figure 4.13: Dosing Setups at NRC Irridation Facility [29].

The brown plastic shown in Figure 4.13 is virtual water. The purpose of the

virtual water is to serve as a homogeneous control material where the dose rate to

the virtual water, dDw
dt

, can be measured prior to irradiating the crystals. The clear

plastic surrounding the crystals is used to create additional scattering which increases

the uniformity of the dose at the crystal edges [29].

The absorbed dose in the CsI(Tl) crystals was calculated using equation 4.1.

DCsI =
dDw

dt
tirrfCsI (4.1)

where fCsI is a conversion factor to convert the dose deposited in virtual water to

dose deposited in CsI and tirr is the irradiation time [29].

Prior to dosing the crystals, the apparatus was constructed without the crystals

and dDw
dt

was measured by placing an ionization chamber in the virtual water block.
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The entire apparatus was then simulated in MC and the conversion factor fCsI was

calculated for each crystal. Using this information an irradiation time was calculated

in order to determine how long the apparatus must be irradiated to achieve the

desired dose in the CsI. The error on each dose was determined to be 2 % from the

components outlined in Table 4.4 [29,30].

Table 4.4: Contributions to dose errors calculated by NRC [29,30].

Error Component Error (%)

Conversion Factor, f 1.8

Dose measurement in water 0.5

Ionization chamber repeatability 0.1

Irradiation time Negligible (<< 0.1)

Total 2

All of the crystals in Group A were given uniform dosing profiles throughout the

crystal. This was achieved by rotating the crystals 180 degrees halfway between doses

in order to overcome the attenuation of the 60Co gammas in the CsI. In Group B,

crystal BCAL3334 was given a longitudinally non-uniform dosing profile and was not

rotated when dosed. The remaining crystals in Group B followed the same proce-

dure as Group A in order to acquire a uniform dose. Figure 4.14 shows the dose

non-uniformities calculated by the NRC across the width of the crystals using the

uniformity method [29]. The longitudinal dose non-uniformity is shown in Figure

4.15.

Figure 4.14: Dose non-uniformity across width of crystals calculated from NRC MC
simulation. 1 scoring region is equal to 0.5 cm along width of Crystal [29].



41

Figure 4.15: Dose non-uniformity across length of crystals in Group B calculated from
NRC MC simulation. 1 scoring region is equal to 6 cm in length along crystal [29].
Note bar face-on corresponds to crystal BCAL3334.
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Chapter 5

Simulations

Monte Carlo simulations were written using the GEANT4 software package to sim-

ulate the experimental apparatuses described in Chapter 4. In doing so, the perfor-

mance of ideal pure CsI and CsI(Tl) crystals was studied. In addition, a simulation

was written to calculate the sensitivity of crystal non-uniformities on the energy res-

olution for photons in the energy range of 20 MeV to 10 GeV.

5.1 Simulation of Pure CsI and CsI(Tl) Scintilla-

tion

The Uniformity Apparatus described in Chapter 4 was simulated and is shown in

Figure 5.1. All features surrounding the crystal such as the wooden platform, lead

shielding and the aluminium dark box were modelled in order to accurately simulate

backscattering events. This was found to be necessary in order to reproduce the

spectra measured in the lab.

In order to compare pure CsI and CsI(Tl), scintillation processes were included in

the GEANT4 Physics List. An example scintillation event from pure CsI is displayed

in Figure 5.1b showing a 500 keV gamma ray (green) depositing energy in the CsI

crystal and generating scintillation light (yellow).

The CsI and CsI(Tl) simulations differed only by their scintillation parameters.

Table 5.1 lists the parameters used for the simulations:
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Table 5.1: Pure CsI and CsI(Tl) scintillation parameters used for Uniformity Appa-
ratus simulation.

Scintillator Light Yield Time Constant Peak Emission

Pure CsI 2 γ / keV 16 ns 315 nm

CsI(Tl) 54 γ / keV 1000 ns 550 nm

(a) Uniformity Apparatus simulated in GEANT4

(b) Example pure CsI scintillation event.

Figure 5.1: GEANT4 simulation of uniformity apparatus.

To accurately model a 207Bi source, 0.559, 1.063 and 1.770 MeV photon events

were generated. The relative number of events generated for each energy was equal to

the relative intensity emitted by 207Bi and the direction of the photons was randomly

distributed. Figure 5.2 shows a typical spectrum of the energy deposited in the crystal

from the simulated 207Bi source. High intensity peaks at the three 207Bi energies are
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present as well as Compton edges. A lower intensity peak near 1269 keV is also

visible. This peak is caused by 511 keV gammas created from positron annihilation

escaping the crystal. Observation of these features is a good validation of the physics

list being used.
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Figure 5.2: GEANT4 207Bi Spectrum

By simulating many events, the accumulated energy deposited at various depths

across the crystal width is calculated and shown in Figure 5.3. The majority of the

energy deposited from the 207Bi source is deposited in the first 4 cm of the crystal.

As the widths of the crystals studied varied from 3 cm to 7 cm this confirms that the

scintillation mechanism across the crystal is being tested.
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Figure 5.3: GEANT4 207Bi Energy deposition as a function of depth.

By counting the number of scintillation photons detected at the PMT, a realistic

scintillation energy spectrum was produced for CsI(Tl) and pure CsI. Sample spectra

of the number of scintillation photons detected by the PMT are shown in Figure 5.4a

for pure CsI and 5.4b for CsI(Tl). A major goal of this simulation was to verify that

the poor resolution of the pure CsI scintillator observed in the lab is the result of low

photon statistics. This simulation was successful in confirming this hypothesis.
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Figure 5.4: Simulated spectra of number of scintillation photons detected from a 207Bi
source for pure CsI and CsI(Tl) for absorption length of 40 cm.

5.1.1 Effect of Wrapping

All of the crystals studied in the lab were wrapped in reflective material to enhance

their light collection efficiency. Using this simulation, the light yield for a wrapped

and unwrapped pure CsI crystal was compared. A visual comparison of a scintillation
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event for wrapped and unwrapped crystals in shown in Figure 5.5. The wrapping

significantly reduces the amount of light that escapes the crystal.

Overlays of a 207Bi spectrum for a wrapped and unwrapped crystal are shown

in Figure 5.6a. The wrapping of the crystals increases the light detected at the

PMT by about 30 %, improving the resolution of the detected spectrum. An overlay

comparing calibrated energy spectra from measured and simulated data is shown in

Figure 5.6b. The spectrum from the wrapped crystal is found to be in good agreement

with measured data.

(a) No wrapping (b) Wrapping

Figure 5.5: Visual comparison of unwrapped vs wrapped events.
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Figure 5.6: Simulated results comparing spectra from wrapped and unwrapped crys-
tals.
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5.1.2 Simulating Radiation Damage

As discussed in Chapter 3, radiation damage in CsI(Tl) originates through the cre-

ation of absorption centres in the crystal. By varying the absorption length of the

scintillator in GEANT4, the dependence of scintillator performance on absorption

length was studied. Uniformity plots for multiple absorption lengths for a pure CsI

crystal are shown in Figure 5.7. The overall light yield and non-uniformity of the

crystal was observed to change with absorption length.
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Figure 5.7: Geant4 simulated response longitudinally along crystal for different ab-
sorption lengths.

A plot of the average light yield as a function of the absorption length is shown in

Figure 5.8. A smooth trend of decreasing light yield is found with decreasing absorp-

tion length, as expected. The light yield of the detector approaches two limits. As

the absorption length increases, the light yield approaches an upper limit determined

by the focusing geometry of the detector and as the absorption length decreases, the

light yield decreases at an accelerated rate toward 0.
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Figure 5.8: Simulated results of change in average light yield as a function of absorp-
tion length of crystal (pure CsI).

The uniformity of the crystal as a function of absorption length is shown in Figure

5.9. At very long absorption lengths, the non-uniformity of the crystal plateaus

around 10%. At absorption lengths less then the length of the crystal, the non-

uniformity rapidly begins to increase in the negative direction due to the response of

the crystal far from the PMT rapidly degrading. This relationship between absorption

length and non-uniformity has been studied for other crystals such as lead tungstate

where a similar relationship was found [31].
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Figure 5.9: Simulated results of change in light yield uniformity as a function of
absorption length of crystal.

5.2 Cosmic Apparatus Simulation

The cosmic ray test stand was simulated using GEANT4 and is shown in Figure 5.10

with many sample events.

Figure 5.10: GEANT4 simulation of cosmic apparatus with many sample muon events
(red tracks) passing through paddles and crystals.
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Muons were used to simulate cosmic ray events. This approximation is valid as

the cosmic apparatus global trigger requires coincidence from three vertically aligned

trigger paddles. As the majority of other particles created from cosmic rays will lose

energy much more quickly in a given material than muons, they will likely be filtered

out by barriers such as the physics building, the CsI crystals and the lead plate prior

to the last trigger. The energy spectrum of the muons was taken to be a uniform

distribution between mu and 10 GeV. According to the PDG, at sea level the mean

energy of muons at ground level is ≈ 4 GeV with an approximately flat distribution

below 1 GeV and a slow rise above 1 GeV [4]. The PDG also states that the angular

distribution of cosmic rays at sea level is approximately proportional to cos2 θ thus

this was the angular distribution used [4].

The Belle CsI(Tl) crystals tested using the cosmic test stand had a tapered ge-

ometry such that the readout face of the crystals (diode end) had a larger area then

the front face of the crystal. As a result of this geometry, muons travelling through

the diode end of the crystal traverse a greater path length and deposit a greater

amount of energy compared to the same event at the front of the crystal. This effect

is shown in Figure 5.11 where the simulated spectrum of energy deposited at the

three longitudinal positions along the crystal are shown for a tapered and non-taper

geometry.
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Figure 5.11: GEANT4 simulation comparing longitudinal energy deposits for tapered
and non-tapered crystals.
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5.3 Resolution as a Function of Uniformity

In the case of large scintillation crystals, having a longitudinal non-uniform response

can degrade the energy resolution of the crystal. As shown in Figure 5.9, increased

absorption of scintillation light in the scintillator is expected to increase the non-

uniformity of the crystal. The following simulation investigated how a non-uniform

response along the length of the crystal degrades the energy resolution for photons

in the energy range of 20 MeV to 10 GeV. To simulate these events, mono-energetic

photons were sent into the front face of a CsI crystal and the energy deposited in the

crystal was recorded. Figure 5.12 shows a sample event demonstrating the set-up.

Figure 5.12: Simulated 500 MeV photon event in CsI.

To simulate non-uniformity in the crystal scintillation response, weights were ap-

plied to the recorded energy absorbed depending on the longitudinal location where

the energy was deposited. This weighting method has been used before to study this

effect on lead-tungstate crystals [32]. Figure 5.13 shows the weighting functions used.

The weighting factor closest to the readout end was kept at 1.
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Figure 5.13: Weighting functions simulating non-uniform crystal response.
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After recording an energy spectrum for many events the resolution of the spectrum

was calculated using equation 5.1.

R =
σspectrum
Emean

spectrum

(5.1)

The results of the simulation are shown in Figure 5.14. The energy of the photons

is shown on the horizontal axis and the uniformity factor is on the vertical axis. The

resolution is given by the colour scale.
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Chapter 6

Analysis Techniques

The techniques and procedures used to analyze the measured experimental data

are described in this chapter. All errors presented are statistical errors. Note the

sample-to-sample variations were much larger than any statistical and systematic

errors present. Systematic errors were suppressed using ratios.

6.1 Light Yield Analysis

6.1.1 BABAR CsI(Tl) and pure CsI Light Yields

207Bi Spectrum Analysis

For each uniformity measurement with the Uniformity Apparatus, 207Bi spectra were

acquired from nine positions spaced longitudinally along the crystal. The light yield

of the crystal at each position is related to the channel number of the gamma peaks

in the 207Bi spectra.

In order to determine the peak channel numbers, fits were applied to the saved

spectra. For CsI(Tl), the three 207Bi gamma peaks were well defined and fit with

Gaussian distributions. An sample spectrum fit is shown in Figure 6.1. Using the

Gaussian fits, the mean and σ of each peak was obtained.
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Figure 6.1: Fits used to calculate 207Bi peak parameters for CsI(Tl) measurments.

For the pure CsI crystal, the poor light yield of the crystal resulted in the 207Bi

gamma peaks to not be well separated and a more complicated fit had to be imple-

mented. Motivated by the results of the GEANT4 simulation shown in Figure 5.4a,

the 1.066 MeV peak was fit using a Crystal Ball Function1. The tail of the Crystal

Ball Function was used to model the Compton continuum of this peak. This con-

tinuum slightly offsets the channel number of the 0.569 MeV peak and as a result,

this fitting method was required to accurately determine the relative location of the

0.569 MeV peak. The 0.569 MeV peak, 1.77 MeV peak and the backscatter rise were

fit with Gaussian distributions. Using this combination of functions the entire 207Bi

spectrum was fit. Figure 6.2 shows a sample fit for pure CsI.

1The Crystal Ball Function consists of a Gaussian distribution with a polynomial tail.
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Figure 6.2: Fits used to calculate 207Bi peak parameters for pure CsI measurments.

Pedestal Calculation

The peak channel numbers calculated from the above fits are related to the scintilla-

tion light yield, L0, by equation 6.1.

Peak Ch # = EγL0 + P (6.1)

Eγ is the energy of the incoming gamma ray and P is the noise pedestal that shifts

the spectrum. The pedestal was calculated by generating a Calibration Plot of Peak

Channel Number vs Energy for each spectra. Using a first order polynomial, the

Calibration Plot was fit and the pedestal was determined by the channel number cor-

responding to 0 keV. The pedestals of all positions in a uniformity measurement were

consistently found to be similar and an average was taken to determine the pedestal

of the uniformity measurement. Figure 6.3a and 6.3b shows typical Calibration Plot’s

for pure CsI and CsI(Tl) respectively. The linear calibration fits are also shown.
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Figure 6.3: Sample calibrations plots for CsI(Tl) and pure CsI

The light yield of each peak, LYpeak, was defined by equation 6.2. Using this

definition, LYpeak is directly proportional to the scintillation response of the crystal.
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LYpeak = Peak Ch #− Pavg (6.2)

In order to characterize the overall light yield of the crystal, the average of the

nine position light yield measurements, LYavg
peak, was used.

Energy Resolution

The energy resolution, RE, of each peak in the 207Bi spectrum was calculated by

equation 6.3

RE =
σpeak

LYpeak

(6.3)

where σpeak is standard deviation of the Gaussian function used to fit the peak.

Light Yield Non-Uniformity

The light yield non-uniformity, ∆LY, describes the front-to-back change in scintil-

lation response longitudinally along the crystal. In order to calculate ∆LY, first the

normalized response of the crystal as a function of distance from the PMT, LYnorm(x),

was calculated using equation 6.4.

LYnorm(x) =
1

2

(LY569(x)

LYavg
569

+
LY1066(x)

LYavg
1066

)
(6.4)

Figure 6.4 shows a sample plot of LYnorm(x).
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Figure 6.4: Sample uniformity plot.

The front-to-back non-uniformity of the crystal was calculated using equation 6.5.

∆LY = LYnorm(27 cm)− LYnorm(3 cm) (6.5)

Radiation Dose Stage Light Yield

The stability of the PMT and electronics, during the radiation hardness studies, was

monitored with the undosed reference crystal, BCAL2410. Each day where light yield

measurements were done, the reference crystal was first measured to ensure day to

day consistency. Figure 6.5 shows LYavg
peak of the three 207Bi peaks for the reference

crystal for the duration of the study.
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Figure 6.5: Stability of reference crystal throughout study. Statistical error bars are
smaller then the points.

At each dosing stage, multiple uniformity measurements were done on different

days in order to monitor for any recovery in the light yield. Short term recovery last-

ing up to 48 hours after irradiation has been observed in previous studies of CsI(Tl)

radiation hardness and has been attributed to the decreasing intensity of phosphores-

cence which becomes present after irradiation [17, 33]. No recovery was observed in

this study. However, measurements began a minimum 2 days after irradiation thus

any short term recovery within 48 hrs of irradiation was not monitored. Figures 6.6 -

6.8 show plots of LYavg
peak as a function of day of the year for several irradiated BABAR

crystals. The vertically dashed line in each plot indicates the day the crystal was

dosed.
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Figure 6.6: Crystal 3348 LYavg
peak measurements
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Figure 6.7: Crystal 2234 LYavg
peak measurements.
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Figure 6.8: Crystal 5881 LYavg
peak measurements.

The light yield of the crystals at each dosing stage, LYDose was calculated from

the average of all measurements done during that dosing stage. Using LYDose, the

percent light yield of each dosing stage, LY%, was calculated from equation 6.6. Due

to the low intensity of the 1.77 MeV gamma peak, only the 0.569 Mev and 1.06 Mev

gamma peaks of the 207Bi spectra were used.

LY%(D) =
1

2

[ LY569
Dose(D)

LY569
Dose(0 Gy)

+
LY1066

Dose(D)

LY1066
Dose(0 Gy)

]
(6.6)

6.1.2 Belle Crystal Light Yields

Summed Diode Analysis

As described in Chapter 4, the light yield of the Belle crystals was measured using

the Cosmic Ray Apparatus. For each coincidence event, the shaped diode pulses were

summed then digitized and saved along with the trigger location information. As the

pre-amp integrated the charge signal from the diodes, the pulse height for each pre-

amp pulse is related to the light yield of that event and was calculated using equation

6.7.

VPulse = Vmax − Vpretrigger avg (6.7)
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A Pulse Height Histogram (PHH) was made for each of the three trigger positions

along the crystal from each cosmic run. Figure 6.9, shows a sample PHH from a signal

cosmic run where cosmic were continuously acquired for several days. The simulated

version of this histogram for a crystal of similar size is shown in Figure 6.10 displaying

the corresponding scale of the energy deposits.
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Figure 6.9: Measured Pulse Height Histogram with Belle Crystal. Crystal Ball Func-
tion fit is also shown.
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Figure 6.10: GEANT4 simulation of muon energy deposits using Cosmic Ray Appa-
ratus.

The pulse height distributions were fit using a Crystal Ball Function shown in

Figure 6.9. The mean of the Crystal Ball Function was used to quantify the light yield

of the crystal. Note this mean corresponds to the mean of the Gaussian component

of the Crystal Ball Function not the mean of the distribution. The overall light yield,

LY, was calculated from the average of the Near Diode, Middle and Far Diode light

yields. Multiple measurements each lasting 1-4 days were made at each dosing stage

to monitor for recovery. As with the BABAR crystals, no recovery was observed. The

light yield of each dosing stage was calculated from the average of all measurements

at each dosing stage.

Belle Crystal Non-Uniformity

As described in Chapter 4 and in the Appendix, the trigger logic of the Cosmic

Ray Apparatus allows for the longitudinal location of the muon deposited to be

determined. Plots of the the light yield as a function of longitudinal position are

shown in Figure 6.11a and 6.11b for both Belle crystals at all dosing stages. As

demonstrated in Chapter 5, a large component of the non-uniformity in the above

plots is due to the taper of the crystals. The change in light yield at each dosing

stage was calculated using equation 6.8.
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LY(x,D) =
LY(x,D)

LY(x, 0 Gy)
(6.8)
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Figure 6.11: Belle Crystal non-uniformities at all dosing stages.
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6.2 Scintillation Decay Time and Time Resolution

Scintillation Decay Time

Using cosmic rays, the scintillation decay times of the BABAR CsI(Tl) crystals and pure

CsI crystal was measured. For the BABAR crystals, the pulses were recorded using

self-triggering. This resulted in the recorded energy distribution shown in Figure

6.12a. The simulated version of this distribution is shown in Figure 6.12b. In order

to restrict the pulse analysis to events where a muon had likely passed through the

full thickness of the crystal, an energy cut was made and is highlighted in Figure

6.12a.
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Figure 6.12: Comparison of measured and simulated energy spectrum for self-
triggered cosmics.

Each individual scintillation pulse was subject to statistical fluctuations from

photo-electron statistics and electronic noise as shown in Figure 4.6. To reduce the

statistical error, pulses in the energy cut range were first normalized then averaged to

make an averaged pulse. The averaged pulse was inverted and used for scintillation

time analysis.

In order to determine the decay time of the scintillation components, a fit was

performed using equation 6.9 for the pure CsI and equation 6.10 for CsI(Tl). These

fits were motivated from previous studies of these crystals where multiple scintillation

components were found [14,17,34].

VCsI(t) = −A0e
− t
τpmt + A1e

− t
τfast 1 + A2e

− t
τfast 2 + A3e

− t
τslow (6.9)
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VCsI(Tl)(t) = −A0e
− t
τpmt + A1e

− t
τfast + A2e

− t
τslow (6.10)

The first term in the equations 6.9 and 6.10 represents the rise time of the PMT

and any parasitic capacitance in the signal chain [35]. The remaining exponential

terms are for various decay times present in each crystal. Figure 6.13 shows the fit

results for pure CsI and CsI(Tl) with the scintillation components also shown. The

left plot is normal scale and the right plot shows the fit on a vertical log scale where

the slow component is more visible. The typical time constants found in CsI(Tl)

pulse were 0.834 ± 0.004µs and 5.10 ± 0.03µs and for the pure CsI the typical fits

were 15.7± 0.1 ns, 35.8± 0.1 ns and 843.7± 2.5 ns.
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Figure 6.13: Fits to scintillation pulses used to measured scintillation decay time
components. Note the time scales are different for the two pulses.

Time Resolution

The time resolution for the Belle crystals was measured by operating the UVic readout

board in individual diode readout mode such that both shaped diode pulses were
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digitized and saved. The time resolution of the diodes was calculated using the

following procedure. For each pulse, any DC offset was removed by subtracting an

average of the pre trigger noise. Then t25, defined in equation 6.11, was calculated. As

the rising edge of the pre-amp pulse is calculated from an integral of the scintillation

pulse, t25 gives the time when 25 % of the charge from the PMT was integrated.

Vpreamp(t25)

V max
preamp

= 0.25 (6.11)

A histogram of tDiode 1
25 − tDiode 2

25 for all events was made giving the distribution for

time fluctuations between the two diodes. Figure 6.14 shows one of these histograms.
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Figure 6.14: Belle Crystal 320017 time resolution histogram at 0 Gy. Note ∆T was
calculated at 25 % of the pulse rise time.

The time resolution, σDiode, is related to the width of this histogram. Although

the distribution is symmetric, if was found to not be Gaussian and thus the standard

deviation (labelled RMS) of the distribution was used to characterize the width of

the distribution. The final step in calculating the time resolution is to account for

the fact that both diodes were used independently to measure this time resolution.

That is,

σRMS
2 = σD1

2 + σD2
2 (6.12)

Assuming σD1 = σD2 = σDiode then the time resolution is given equation 6.13.
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σDiode =
σRMS√

2
(6.13)

For the pure CsI crystal, PMT readout was used and thus the calculation of the

time resolution followed a different procedure. When recording cosmics with the

pure CsI crystal an external trigger was used to trigger on comics passing through

the crystal. The external triggering system used was composed of plastic scintillators

with extremely short scintillation times and any time variations from the trigger could

be ignored. As a result, a histogram of t25 would show the time fluctuations from the

detector. For the pure CsI crystal, t25 was defined by equation 6.14.∫ t25
0

VPMT(t)dt∫ 900ns

0
VPMT(t)dt

= 0.25 (6.14)

This definition of t25 gives the time when the scintillation pulse, V (t), reaches 25%

charge. A histogram of t25 for pure CsI is shown in Figure 6.15.
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Figure 6.15: Pure CsI time resolution histogram.

A Gaussian fit was used to calculate the width of the distribution. In this case

the width of the Gaussian is equal to the time resolution for the 40 MeV deposit.
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Chapter 7

Results and Discussion

7.1 Comparison of Pure CsI and CsI(Tl)

The measured values for the scintillation properties of the CsI(Tl) and pure CsI

crystals studied are summarized in Table 7.1.

Table 7.1: Measured scintillation properties of CsI(Tl) and pure CsI at 0 Gy.

Scintillator RE @ 1 MeV τfast τslow στ

CsI(Tl) 5%
834± 4 ns

(88.7%)

5100± 30 ns

(11.3%)

47.9± 0.9 ns

(20 MeV)

Pure CsI 18%

15.7± 0.1 ns

(60.5%)

35.8± 0.1 ns

(38.6%)

843.7± 2.5 ns

(0.9%)

1.49± 0.02 ns

(40 MeV)

Energy Resolution

Using a PMT and air as the optical coupling, the energy resolution at 1 MeV was

measured to be 5% for CsI(Tl) and 18% for pure CsI. This measurement demon-

strates the high light yield of CsI(Tl) compared to pure CsI and was confirmed by

the simulations shown in Chapter 5. The energy resolution of pure CsI with PMT

readout however was found to be better than the CsI(Tl) with PIN diode readout

at 1 MeV. This is expected as the diodes have a much smaller area compared to the

PMT and have no internal gain. The diodes are used in the Belle ECL as they have

a practical advantages over the PMT as they are much smaller and unaffected by
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magnetic fields [2, 12]. The Belle ECL is also concerned with energy measurements

much greater then 1 MeV where there is sufficient scintillation light and high gain is

not required. If an upgrade to pure CsI is done however, the measurements of RE

above show that a high gain light detector such as a PMT would have to be used with

the pure CsI in order to achieve the same or better energy resolution performance of

the CsI(Tl) with PIN diode readout.

Timing Resolution

The scintillation times for CsI(Tl) were confirmed to be significantly larger than pure

CsI. The fast scintillation time of pure CsI results in a superior time resolution com-

pared to the current Belle ECL detectors. The measured values of the time resolution

can be compared to studies presented in the Belle II Technical Design Report (TDR).

the TDR states that for a 15-20 MeV energies, the time resolution in Belle was mea-

sured to be approximately 35-40 ns [2]. This is slightly better then the measurements

shown above likely do to the additional pulse shaping and crystal clustering used in

the Belle ECL. For the pure CsI, photon beam studies have measured the time reso-

lution at 40 MeV to be about 0.8 ns [2]. The time resolution measured in this study

is close to this value and the discrepancy likely a result of the poor optical coupling

used between the PMT and crystal.

7.2 Radiation Hardness Results

The radiation hardness of the scintillation properties of CsI(Tl) were studied at the

accumulated doses outlined in Table 7.2. Each dosing stage was designed to give the

most useful information for Belle II. Table 7.2 states the nominal value of each dose

stage. The exact doses for each crystal at each stage are listed in Appendix A.3.

Table 7.2: Nominal values for the accumulated doses where scintillation properties of
CsI(Tl) were measured. 1 Gy = 100 rad.

Dose (Gy) Comment

2 Belle 10 Year Dose

10 Belle II 10 year dose for crystals in ECL barrel [9]

35 Belle II 10 year dose for crystals in ECL endcaps [9]
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Light Yield

The light yield for all crystals as a function of absorbed dose is shown in Figure 7.1.

Appendix A.3 lists the percent light yield values for all crystals at each dosing stage.

All crystals at 0 Gy began with similar light yields however the magnitude of the

overall light loss varied across the entire sample set of crystals with the maximum

light loss being over 50% at 35 Gy. At 2 Gy, the two Belle crystals had dropped to

about 92% of their original light yield. This result is in agreement with the light drop

observed in the Belle ECL after 10 years of operation corresponding to accumulated

doses of 2 Gy [2]. This comparison is important as it suggests the the doses from
60Co used for this study are equivalent to the doses received during operation. At 10

Gy, several crystals maintained over 90 % of their original light yield with one BABAR

crystal showing very good radiation hardness with no change from 2 Gy to 10 Gy.

At an absorbed dose of 35 Gy, all crystals were observed to have some degradation

in light yield.

Crystals from the same manufacturer demonstrated similar radiation hardness.

This observation suggests that the radiation hardness of the crystals is a result of

their growth process and is useful for Belle II calorimeter as it suggests that the

results can be extrapolated to other Belle crystals. The light loss as a function of

dose was found to follow a non-linear trend. For the majority of the crystals, the

largest relative light drop was at a dose of 2 Gy. At higher doses, the light loss began

to plateau. This trend was found to be independent of the readout method.
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Energy Resolution

The raw 207Bi spectra measured with crystal 5881 at each dosing stage is shown in

Figure 7.2. Crystal 5881 was observed to be the least radiation hard crystal and had

the largest change in energy resolution. The resolution of the 1 MeV peak degraded

from 4.84± 0.02% at 0 Gy to 9.81± 0.07% at 35 Gy. This degraded resolution is still

superior to that measured for undosed pure CsI that was 18 %.

Figure 7.2: 207Bi spectra measured with crystal 5881 at each dosing stage. Degrada-
tion in energy resolution is observed.

For the remaining BABAR crystals, RE was also found to degrade as a function of

absorbed dose. Figure 7.3 shows the energy resolution for all crystals as a function

of dose. The majority of crystals were found to maintain an energy resolution better

then 6 % after 35 Gy dose.
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Figure 7.3: BABAR Crystal energy resolution degradation as function of dose.

The correlation between light yield and energy resolution is shown in Figure 7.4

for all BABAR crystals. As expected, a higher light yield results in a better energy

resolution.
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Crystal Discolouration

Evidence for increased absorption of optical light was visually present in the BABAR

crystals (the Belle crystals could not be directly observed as they were completely

wrapped). Figure 7.5 shows photographs of several BABAR crystals at various dosing

stages. All crystals began clear in color as shown in Figure 7.5a. After dosing,

crystals with large light losses were observed to turn pink and less transparent. The

discolouration is evidence that components of white light entering from the room are

being absorbed in the crystal resulting in the light escaping to be pink.

(a) 2410 Reference (Undosed) (b) 3334 (10 Gy, 95 % LY)

(c) 5883 (10 Gy, 66 % LY) (d) 5881 (35 Gy, 45 % LY)

Figure 7.5: Pink discolouration observed in BABAR CsI(Tl) crystals.

Light Yield Non-uniformity Changes

Figure 7.8 on the following page, shows uniformity plots for several BABAR crystals

at 0 Gy and 35 Gy. As the absorbed dose in the crystals increased, it was observed

that the light yield degraded faster at the end farthest from the PMT compared to
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the near end for all crystals. The increases in crystal non-uniformity observed are

summarized in Figures 7.6a and 7.6b showing the overall non-uniformity of all BABAR

crystals at 0 Gy and at 35 Gy and the changes in non-uniformity from radiation

damage, respectively.
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Figure 7.6: Summary of changes in non-uniformity for BABAR crystals.

The same trend was also observed in the Belle crystals and is shown in Figure 7.7

where the change in light yield for each trigger position plotted.
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The changes in non-uniformity observed can be compared to the results of the

GEANT4 simulation described in Chapter 5 Section 5.1. Figure 7.9 shows the mea-

sured correlations between crystal light yield and non-uniformity for the BABAR crys-

tals. Using the simulation described in Section 5.1 where the absorption length of

the crystal was varied, the same correlation plot for three crystal geometries is shown

in Figure 7.10. The three simulated crystals are each tapered and 30 cm long but

differ in end face area size as shown in the legend. The dependence of the correla-

tion between non-uniformity and light yield is observed in this plot and explains the

variations in the measured non-uniformity vs light yield curves. This comparison also

further evidence that the drop in light yield is a result of increased absorption in the

crystal.
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Figure 7.9: Correlation plot for BABAR crystals.
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After installation in the Belle II ECL, any changes to the overall light yield of

the crystal can be corrected by recalibration. Changes to the non-uniformity however

cannot be corrected and increase the constant term of the energy resolution of the

ECL. As the constant term is energy independent, an increase in the constant term

will degrade the resolution for all energies. The GEANT4 study presented in Chapter

5 examined the sensitivity of the energy resolution to change in crystal non-uniformity.

It was found that below 15 % non-uniformity the energy resolution is not highly

sensitive to small changes in non-uniformity. For large non-uniformities however, the

resolution will rapidly degrade. After 35 Gy, all crystal non-uniformities remained less

then 10 % and changes to non-uniformity were only about 2-4%. Thus the changes

in non-uniformity are not large enough to significantly degrade the energy resolution

of the ECL.

Scintillation Decay Time Changes

No changes in the scintillation decay times for the BABAR crystals was observed. A

plot of the fast time constant for all BABAR crystals as a function of dose is shown in

Figure 7.11. Table A.4 in the Appendix has the numerical values of each time constant

for each dosing stage. Crystals BCAL5881 and BCAL5883, which were both from
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the same manufacturer, had slightly longer fast time constants compare to the other

BABAR crystals. These crystals also had very poor radiation hardness compared to

the other crystals. This suggests that these two observations could be related and

this measurement could potentially be used as a radiation hardness acceptance test

for CsI(Tl) crystals.
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Figure 7.11: Fast time constants of BABAR CsI(Tl) crystals as function of dose.

Belle Time Resolution Changes

The time resolution for both Belle crystals as a function of absorbed dose is shown

in Figure 7.12.
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Figure 7.12: Time resolution of Belle crystals as function of radiation dose.

As the time resolution is a function of light yield, the degradation observed is

a result of the light loss of the crystal. Using data recorded when performing time

resolution measurements, the light yield of the individual diodes was measured as a

function of the dose. The light yield of the individual diodes is observed to follow

the same trend of the summed light yield analysis and is shown in Figure 7.13. The

difference in light yield between crystal 320017 and 334017 also can account for the

difference in the time resolutions observed for the Belle crystals.
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7.2.1 Discussion of Mechanism for Radiation Damage in CsI(Tl)

and Comparisons

As discussed in Chapter 3, previous studies of irradiated CsI(Tl) crystals have shown

that radiation damage occurs through the creation of absorption centres. The crystals

studied in this work were wrapped and thus transmission spectra of the crystals could

not be measured. Strong evidence for increased self-absorption is observed with the

crystal discolourations and changes in light yield non-uniformity. As the scintillation

decay times of the BABAR CsI(Tl) crystals remained unchanged, this suggests that

the scintillation mechanism was unaffected by the 1 MeV gamma doses.

The large variations in radiation hardness observed from different manufactures

suggests that the radiation hardness of a crystal is dependent on the growth procedure.

This has been proposed by previous CsI(Tl) radiation hardness studies where it was

found that oxygen contamination during growth lead to poor radiation hardness [21].

Model to Describe Light Yield Plateau

The decrease in light yield as a function of radiation dose for all crystals was observed

to follow a non-linear trend such that the light loss began to plateau at large dose.

Derived in Appendix Section A.2.1, a model to describe the light loss of the crystals



88

was calculated. The model assumes that the light loss in the crystals is due to the

creation of absorption centres that reduce the absorption length of scintillation light

in the crystals. This assumption is well motivated by the experimental and simulated

observations of this study. By assuming that each crystal has a maximum number of

impurity locations where an absorption center can be made, it can be shown that the

light loss in the the crystals as a function of dose, LY%(D), will be given by equation

7.1.

LY%(D) = exp
(
L
[ 1

A0

− 1

A0 − Amax
r N%(D,Di)

])
(7.1)

where

L = Average path length of scintillation photon in crystal.

A0 = Absorption length of scintillation photon at 0 Gy.

Amax
r = Maximum decrease in absorption length when all impurity locations become

absorption centres.

N%(D,DI) = 1− e−D/Di = Percent of absorption centres created from total.

Di = Radiation dose when 1
e

of the impurity locations have been converted to ab-

sorption centres.

D = Radiation dose.

The two parameters that describe the radiation hardness of the crystals are Ar

and Di. As the concentration of impurities crystal-to-crystal will vary, Ar will also

vary crystal-to-crystal. The parameter, Di, should be the same for all crystals with

the same impurity.

In order to fit this model to the experimental data the parameter L and A0 were

both assumed to be 30 cm and 35 cm, respectively. The parameters DI and Amax
r

were fit to the data. For two crystals, 2676 and 3348 the model fit well as shown in

Figures 7.14a and 7.14b.
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(a) Model fit to 3348.
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Model Fit to 2676 LY Data

(b) Model fit to 2676.

Figure 7.14: Sample model fits to data.

The Di variable in both of these fits are consistent which is predicted if the absorp-

tion centres come from the same impurity. The Amax
r parameters differ as expected

since the concentration of impurities in each crystal will be different leading the dif-

ference in total light loss in both crystals.

For the remaining crystals it was found that the parameter Di = 17 Gy could not

account for the large initial drop in light yield from 0-2 Gy. From other studies of the

absorption centers in CsI(Tl) multiple absorption components int he 550 nm region

have been measured [20]. By adding another absorption center with Di2 = 1.7 Gy the

remaining crystals could be fit using the equation 7.2. The absence of the Di2 = 1.7

Gy in some crystals can be explained by those crystals have a low concentration of

the impurity or defect that causes this absorption centre. Some sample fits are shown

in Figures 7.15a to 7.15b for crystals that required the 1.7 Gy component. Note in

these fits the parameters Di1 and Di2 were fixed to 1.7 and 17 Gy.

LY%(D) = exp
(
L
[ 1

A0

− 1

A0 − (Amax
r1 N%(D,Di1)− Amax

r2 N%(D,Di2))

])
(7.2)
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Model Fit to 320017 LY Data

(b) Model fit to 320017.

Figure 7.15: Sample modified model fits to data.

The model is shown to describe the plateauing trend of light loss with dose. By

performing a chemical composition analysis of the crystals the model can be further

tested to see if there is a correlation between a certain impurity and Di and if that

impurity concentration is related to Amax
r .
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Chapter 8

Conclusions

The primary objectives of this thesis were to measure the radiation hardness of large

(5× 5× 30 cm3) CsI(Tl) scintillation crystals and to compare the scintillation prop-

erties of CsI(Tl) and pure CsI. In preparation for the backgrounds expected in the

Belle II experiment, the results of this study will be used to help quantify whether

an upgrade from CsI(Tl) to pure CsI is needed.

Apparatuses were designed and constructed to measure the scintillation properties

of undosed CsI(Tl) and pure CsI crystals. The crystals were also compared in simu-

lations using GEANT4. It was found that using the same light readout methods the

energy resolution of CsI(Tl) is far superior to pure CsI. The energy resolution of the

pure CsI with PMT readout, however surpassed that of CsI(Tl) with diode readout

for 1 MeV photons. The scintillation decay times of the crystals were measured using

cosmic ray muons and it was confirmed that the scintillation time for pure CsI is over

an order of magnitude faster than CsI(Tl). This lead to a far superior time resolution

when compared to the current Belle CsI(Tl) crystals with diode readout.

The radiation hardness of CsI(Tl) was studied at doses of 2, 10 and 35 Gy where

the light yield, energy resolution, non-uniformity, scintillation time and time reso-

lution were measured. It was found that the light yield of the crystals decreased

with increasing dose at different rates with the most radiation hard crystals main-

taining over 90% of their original light yield after 35 Gy. Crystals from the same

manufacturer were found to have similar radiation hardness properties allowing for

the extrapolation of these results to other Belle II ECL crystals. The least radia-

tion hard crystals were still found to have a higher energy resolution at 35 Gy for 1

MeV photons than an undosed pure CsI crystal. Evidence for increased absorption

in the crystals was observed through visual discolouration and changes in the crystal
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non-uniformity. Through simulations it was determined that the magnitude of the

changes in non-uniformity from the 35 Gy dose will not significantly affect the overall

energy resolution of the Belle II ECL. Although the scintillation decay time was un-

affected by the radiation doses up to 35 Gy, the time resolution of the Belle crystals

was degraded from the light loss, as expected.
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Appendix A

Appendix

A.1 Cosmic Ray Apparatus Trigger Logic

Position 1 Coincidence Logic

OR Gate

SCenterSTop SLower

P1 Coincidence Unit P2 Coincidence Unit P3 Coincidence Unit

GGGG GG

GG = Gate Generator

Oscilloscope EXT Trigger

Figure A.1: Global Trigger logic for Cosmic Ray Apparatus.
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Delay Unit Delay Unit Delay Unit

OR Gate

P1 Coincidence Unit P2 Coincidence Unit P3 Coincidence Unit

Oscilloscope Ch 4

Figure A.2: Triggering delay logic to differentiate between position triggers.
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A.2 Circuit Diagrams for Belle Crystal Readout

Schematics by Nicolas Braam, UVic Electronics Shop.

5 5

4 4

3 3

2 2

1 1

D
D

C
C

B
B

A
A

P
o
w
e
r 
F
ilt
e
ri
n
g

B
u
ff
e
r 
A
m
p
lif
ie
r 
- 
T
o
 D
A
Q
 S
y
s
te
m

In
te
rc
o
n
n
e
c
t 
to
 C
ry
s
ta
l 
P
re
-A
m
p

6
0
V
 B
IA
S
(A
)

1
2
V
(B
)

O
U
T
(A
)-
E

G
N
D

O
U
T
(B
)-
E

1
2
V
(A
)

6
0
V
 B
IA
S
(B
)

T
E
S
T
-P

-5
V
(A
)

O
U
T
(B
)-
C

O
U
T
(A
)-
C

-5
V
(B
)

P
D
+

T
P
 R
T
N

-5
V
(A
) 
R
T
N

O
U
T
(B
)-
C
 R
T
N

O
U
T
(A
)-
C
 R
T
N

-5
V
(B
) 
R
T
N

P
D
-

6
0
V
 B
IA
S
(A
) 
R
T
N

1
2
V
(B
) 
R
T
N

O
U
T
(A
)-
E
 R
T
N

G
N
D

1
2
V
(A
) 
R
T
N

6
0
V
 B
IA
S
(B
) 
R
T
N

O
U
T
(A
)-
C

O
U
T
(B
)-
C

O
U
T
(A
)-
E

O
U
T
(B
)-
E
 R
T
N

O
U
T
(B
)-
E

6
0
V
 B
IA
S
(A
)

-5
V
(A
)

1
2
V
(B
)

6
0
V
 B
IA
S
(B
)

-5
V
(B
)

1
2
V
(A
)

+
1
2
V

+
1
5
V

+
1
5
V

+
6
0
V

-5
V

+
1
2
V

+
6
0
V

-5
V

+
8
V

-8
V

+
8
V

-8
V

+
8
V

+
1
5
V

-1
5
V

T
it
le

S
iz
e

D
o
c
u
m
e
n
t 
N
u
m
b
e
r

R
e
v

D
a
te
:

S
h
e
e
t

o
f

<
D
o
c
>

<
R
e
v
C
o
d
e
>

C
ry
s
ta
l 
In
te
fa
c
e
 -
 C
o
n
n
e
c
to
r/
B
u
ff
e
r

A

1
2

T
h
u
rs
d
a
y
, 
D
e
c
e
m
b
e
r 
0
4
, 
2
0
1
4

T
it
le

S
iz
e

D
o
c
u
m
e
n
t 
N
u
m
b
e
r

R
e
v

D
a
te
:

S
h
e
e
t

o
f

<
D
o
c
>

<
R
e
v
C
o
d
e
>

C
ry
s
ta
l 
In
te
fa
c
e
 -
 C
o
n
n
e
c
to
r/
B
u
ff
e
r

A

1
2

T
h
u
rs
d
a
y
, 
D
e
c
e
m
b
e
r 
0
4
, 
2
0
1
4

T
it
le

S
iz
e

D
o
c
u
m
e
n
t 
N
u
m
b
e
r

R
e
v

D
a
te
:

S
h
e
e
t

o
f

<
D
o
c
>

<
R
e
v
C
o
d
e
>

C
ry
s
ta
l 
In
te
fa
c
e
 -
 C
o
n
n
e
c
to
r/
B
u
ff
e
r

A

1
2

T
h
u
rs
d
a
y
, 
D
e
c
e
m
b
e
r 
0
4
, 
2
0
1
4

C
1
4

1
0
0
u
F
/2
0
V

R
3

1
k

R
1
3
1
k

C
3
5

0
.1
u
F

R
9

1
0
0
R

R
8

1
k

C
1
2

0
.4
7
u
F

R
1
0
1
k

R
1
8

5
1
R

C
3
4

0
.1
u
F

C
9

0
.1
u
F

R
1
7

5
1
R

R
4

1
k

C
2

3
3
n
F

C
1
7

0
.1
u
F

C
4

0
.0
1
u
F
/1
0
0
V

R
5

5
1
R

C
1
6

0
.1
u
F

R
1
2
1
0
0
R

R
1
9

5
1
R

J
1

S
M
A

1

2

C
1

3
3
u
F
/2
5
V

R
7

5
0
R

C
1
3

1
0
0
u
F
/2
0
V

C
1
5

0
.0
1
u
F
/1
0
0
V

C
3

0
.4
7
u
F

R
1
4
1
M

R
1

1
k

C
1
1

0
.1
u
F

C
6

1
0
0
u
F
/2
0
V

C
7

0
.1
u
F

C
5

1
0
0
u
F
/2
0
V

R
1
1

5
1
R

-+
U
1

T
H
S
3
0
6
1

3 2
6

7 4

R
2
0
1
0
0
R

R
1
6

5
1
R

R
6

1
M

J
2

C
O
N
2
6

1
2

3
4

5
6

7
8

9
1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

R
1
5
1
0
0
R

R
2

1
k

C
1
0

0
.1
u
F

C
8

3
3
u
F
/2
5
V

Figure A.3: UVic Readout Board Rev1 used for OUT-C and OUT-E comparison
diagram 1/2.
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A.2.1 Derivation of Model to Describe Light Yield Plateau

The LYDet at the detector is given by equation A.1.

LYDet = LY0 × Ef × ET (A.1)

LY0 =Scintillation Yield γ
keV

Ef = Efficiency of crystal geometry to focus light.

ET =Transmission Efficiency

ET will decrease with absorbed radiation dose, D, thus the percent light yield at

each dosing stage is given by equation A.2.

LY%(D) =
ET (D)

ET (0)
(A.2)

ET (D) is given by the Beer-Lambert law used to describe the transmission of

optical light in a material and is shown in equation A.3.

ET (D) = exp (
−L
AL

) (A.3)

L = path length of scintillation photon

AL = A0 − Ar(D) = Absorption length (mean-free-path) of optical photon

For the radiation damaged crystals, the total absorption length, AL, can be divided

into two components. The first component, A0, gives absorption length in the the

crystal at 0 Gy. The second component, −Ar(D) represents the decrease in the

absorption length due to radiation induced absorption centre formation.

Ar(D) will be proportional to the number of absorption centres (NA(D)) present in

the crystal. Assuming that the absorption centres are the result of an impurity in the

crystal, Ar(D) will have a maximum value determined when all impurity locations

have be turned into absorption centres. As there is a finite number of impurity

locations, the rate of creation of absorption centres with dose will be given by equation

A.4 where Nmax is the maximum number of absorption centres in the crystal.

dNA

dD
= −(Nmax −NA(D))

DI

(A.4)

The parameter DI has units of radiation dose and gives a scale for how much dose
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is required to turn the impurity into an absorption centre. The solution to equation

A.4 can be written as in equation A.5

N%(D) =
NA(D)

Nmax

= 1− e−D/DI (A.5)

Using this solution, Ar(D) can be parametrized as in equation A.6 where the pa-

rameter Amax
r gives the maximum decrease in the absorption length due to absorption

centre creation.

Ar(D) = Amax
r ×N%(D) (A.6)

Putting this into equation A.2 and simplifying gives,

LY%(D) = exp
(
L
[ 1

A0

− 1

A0 − Amax
r N%(D,DI)

])
(A.7)
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A.4 Radiation Hardness Decay Time Results

Table A.2: Dose values and fitted scintillation times for CsI(Tl) crystals at all dose
stages.

Crystal Dose (Gy) τfast(µs) τslow(µs)

2922 0.000± 0.000 0.834± 0.004 5.10± 0.03

1.776± 0.033 0.844± 0.004 5.14± 0.03

8.999± 0.168 0.835± 0.004 5.11± 0.03

35.084± 0.656 0.836± 0.004 4.97± 0.03

3348 0.000± 0.000 0.842± 0.004 5.10± 0.03

1.768± 0.033 0.838± 0.004 5.08± 0.03

8.962± 0.168 0.845± 0.004 5.15± 0.03

34.943± 0.653 0.835± 0.004 5.03± 0.03

2234 0.000± 0.000 0.820± 0.004 5.11± 0.03

1.826± 0.034 0.822± 0.004 5.11± 0.03

9.241± 0.173 0.821± 0.004 5.08± 0.03

35.236± 0.659 0.830± 0.004 5.19± 0.03

3334 0.000± 0.000 0.824± 0.004 5.12± 0.03

1.828± 0.034 0.833± 0.004 5.24± 0.03

9.253± 0.173 0.834± 0.004 5.16± 0.03

35.285± 0.660 0.835± 0.004 5.19± 0.03

5881 0.000± 0.000 0.892± 0.004 5.05± 0.03

1.803± 0.034 0.882± 0.004 4.96± 0.03

9.126± 0.171 0.884± 0.004 4.98± 0.03

34.800± 0.651 0.891± 0.004 5.01± 0.03

5883 0.000± 0.000 0.895± 0.004 5.14± 0.03

1.826± 0.034 0.894± 0.004 5.09± 0.03

9.240± 0.173 0.891± 0.004 4.98± 0.03

35.236± 0.659 0.890± 0.004 5.04± 0.03
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